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I . INTRODUCTION* 

The  MHD  laser  is  a nonequilibrium  generator  in  which  the  disequilibrium 

between  the  electron  gas  and  the  translational  degrees  of  freedom  of  the 

carrier  gas  is  used  to  produce  a population  inversion  in  a molecular  additive, 

such  as  COj.  As  the  difference  between  the  electron  and  gas  temperatures  can 

be  as  large  as  3000°K,  and  the  power  density,  measured  by  the  Joule  heating 

3 

rate,  also  very  large  (up  to  500  watts/cm  in  generators),  there  is  the 
possibility  of  gain  and  very  high  lasing  power  densities. 

There  are  several  appealing  features  of  this  concept.  As  the  electric 
power  generated  by  the  MHD  process  is  delivered  locally  to  the  molecular  gas, 
entirely  within  the  flow,  there  is  no  need  to  take  high  powers  out  of  the 
power  source,  and  in  turn  put  it  back  into  a gas  discharge.  This  eliminates 
many  uncertainties  stemming  from  power  conditioning  and  from  electrode 
phenomena.  Further,  while  a high  speed  gas  flow  may  have  to  be  provided  in 
an  electric  discharge  laser  in  order  to  remove  the  energy  rejected  to  the 
lower  laser  level,  this  flow  is  intrinsic  to  the  MHD  laser.  The  process  for 
inversion  production  being  essentially  local,  there  is  a chance  of  achieving 
more  uniform  gain,  hence  better  beam  quality  than  in  externally  excited 
devices.  Consideration  of  the  potential  efficiencies  of  MHD  lasers  must 
recognize  that  it  converts  thermal  energy  into  optical  energy.  Various 
estimates  have  placed  the  efficiency  of  such  conversion  between  3 and  5 percent. 
This  is  much  higher  than  is  achieved  by  gas  dynamic  lasers.  Although  gas 
discharge  lasers  may  approach  20  percent  efficiency  of  conversion  from 

* The  serious  reader  will  note  that  the  initial  paragraphs  of  this 
introduction  are  identical  to  those  of  Ref.  1.  It  is  felt  they 
are  needed  because  of  the  arcane  nature  of  the  subject. 

New  aspects  of  the  work  are  discussed  on  pp.  3-5. 
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electric  power  to  optical  power,  this  efficiency  must  be  multiplied  by  that 
of  the  electric  power  system  (and  power  conditioning)  for  which  25  percent 
seems  optimistic.  Thus,  the  overall  efficiencies  of  MHD  and  gas  discharge 
lasers  may  be  comparable. 

The  research  reported  here  is  an  outgrowth  of  research  on  high  power 

density  nonequilibrium  MHD  generators  at  MIT.  This  research  has  led  to  the 

demonstration  that  very  high  levels  of  dissipation  can  be  achieved  in  super- 

-3 

sonic  nonequilibrium  generators,  up  to  500  watts  cm  , with  differences 

2 

between  electron  temperature  and  gas  temperature  approaching  3000°R. 

In  a parallel  program,  it  was  also  demonstrated  that  high  levels  of 
vibrational  excitation,  near  equilibrium  with  the  electron  gas,  can  be 
achieved  in  such  generators.  Excitation  of  carbon  monoxide  was  demonstrated 
in  the  MIT  generator  in  1969.^ 

The  possibility  of  direct  excitation  of  molecular  g :ses  to  produce  a, 
single-cavity  high  power  density  laser  immediately  suggested  itself.  Such  a 
concept,  using  carbon  dioxide  in  a cesium-helium  plasma  has  been  analyzed 
in  Ref.  4. 

The  analysis  and  experience  with  nonequilibrium  plasmas  suggested  that 
the  physical  phenomena  of  such  a device  might  be  exceedingly  complex,  since 
the  kinetic  and  thermochemical  complexity  of  molecular  excitation  is  added 
to  the  already  intricate  behavior  of  the  electrothermally  unstable  r.on- 
equilibrium  plasma.  Accordingly,  a study  was  undertaken  of  the 
behavior  of  a nonequilibrium  plasma,  with  molecular  addition,  in  a strong 
magnetic  field,  but  in  a pulsed  experiment  which  stimulates  the  kinetic 
situation  of  an  MHD  laser  without  the  complexity  and  expense  of  a high  speed 
flow  system. 
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The  technique  of  modeling  the  flow-induced  electric  field  of  an  MHD 
laser  by  an  applied  electric  field  has  the  great  advantage  that  it  enables 
the  uncoupling  of  fluid  dynamic  and  bulk  plasma  phenomena.  This  technique 
was  used  to  obtain  the  first  experimental  data  on  electrothermal  (ionization) 
instabilities  in  nonequilibrium  plasmas,'*  and  this  data  has  since  been 
correlated  by  theory**  and  corroborated  by  measurements  in  nonequilibrium 
generators. ^ A further  advantage  of  the  pulsed  technique  is  that  the  very 
complex  kinetic  processes  which  occur  in  the  plasma  as  it  flows  downstream 
in  the  actual  laser,  are  displayed  as  a (temporal)  transient  in  the  pulsed 
experiment,  vastly  simplifying  the  diagnostic  problem. 

Preliminary  experiments  carried  out  by  this  technique  were  reported 
in  Ref.  8.  These  experiments  demonstrated  the  usefulness  of  the  pulsed 
technique,  and  also  demonstrated  gain  and  net  power  output  from  a Cs  seeded 
mixture  of  He,  CO^  and  at  electron  densities  and  current  densities 

appropriate  to  MHD  laser  operation. 

9 

A theoretical  treatment  of  the  physical  processes  in  the  MHD  laser 
produced  results  in  qualitative  agreement  with  the  experiments,  but  over- 
estimated the  importance  of  deexcitation  of  Cs  by  CC^,  leading  to  a 
pessimistic  estimate  of  performance. 

The  results  of  a major  study  of  MHD  lasers  have  been  reported  in  Ref.  10. 

A theoretical  evaluation  of  the  MHD  laser  concept  is  presented,  along  with 
experimental  results  from  flow  systems  in  which  U x B induced  gain  was  observed 
in  Cs  seeded  He-C02  plasmas.  The  results  were  very  erratic,  evidently  because 
of  chemical  reaction  between  the  Cs  and  the  CO^,  and  difficulty  with  the  salt 
windows,  which  were  chemically  attacked.  This  led  the  investigators  to  substi- 
tute Xe  for  Cs  as  a seed;  they  acquired  more  consistent  data  but  gain  only 
with  applied  electric  fields,  not  with  U x .B  excitation. 
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The  purposes  of  the  work  described  here  are:  1)  to  carry  out  a systematic 

experimental  study  of  the  gain  and  optical  properties  of  plasmas  suitable  for 

MHD  lasers,  and  2)  to  develop  a complete  numerical  model  for  the  MHD  laser 

which  can  provide  a basis  for  feasibility  assessments  of  the  MHD  laser  concept. 

These  two  objectives  have  been  met  in  two  distinct  research  efforts  which 

are  reported  in  Parts  II  and  III  of  this  report.  Part  II  is  the  PhD  dissertation 

of  Dr.  R.  F.  Walter,  Part  III  is  the  PhD  dissertation  of  S.  P.  Shamma. 

There  is  general  agreement  that  the  MHD  laser  requires  a plasma 
-2  -5 

composition  of  about  10  CO^  and  10  Cs  in  He  for  successful  operation. 

The  CO^  fraction  is  limited  by  the  Joule  heating  available  to  raise  the 

electron  temperature  to  the  levels  required  to  pump  the  upper  laser  level 

(around  2500°K) . The  Cs  is  needed  to  provide  the  required  electron  density 

at  these  electron  temperatures.  This  gas  composition  poses  two  problems 

which  are  unique  to  the  MHD  laser  among  CO^  lasers. 

First,  the  low  CO2  concentration  and  absence  of  alter  the  pumping 

and  deactivation  mechanisms.  The  upper  level  pumping  is  directly  by  electrons 

4 

and  is  well  understood.  In  most  treatments  of  C0„  lasers  the  two  lower 

2 

levels  (100  and  010)  have  generally  been  assumed  to  be  tightly  coupled  and 
deactivated  by  atomic  collisions  (by  He  in  the  MHD  laser) . We  find  this 
assumption  invalid  at  the  low  CO2  concentrations  required  by  the  MHD  laser 
because  the  lower  laser  level  (100)  is  deactivated  by  collision  with 
(X^,  the  rate  being  limiting.  Thus  a three-level  model  is  required  for 
the  CO^.  Such  has  been  included  in  the  MHD  laser  model  to  be  discussed  in 
Part  II.  It  is  shown  there  that  the  (100  -*■  010)  transfer  rate  is  critical 
to  MHD  laser  performance,  if  lasing  at  10.6  y is  required.  It  may  be  that 
the  MHD  laser  should  operate  at  9.6  y,  but  this  question  has  not  been  explored 
in  depth  as  yet. 
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Secondly,  the  low  Cs  fraction  and  chemical  reactivity  of  Cs  and  CO 
raise  the  question  whether  these  two  species  can  In  fact  coexist  In  the 


plasma.  Early  estimates  of  the  reaction  rate  suggested  that  they  could  for 
the  flow  times  required  in  full  scale  MHD  lasers  such  as  were  projected  in 
Ref.  4,  but  the  reaction  has  led  to  great  uncertainties  in  the  results  of 
all  small  scale  feasibility  experiments.  Indeed  a great  deal  of  the  effort 
of  the  research  described  here  has  gone  to  developing  the  gas  handling 
system  for  the  pulsed  apparatus  so  that  the  chemical  reaction  between  Cs  and 
CO^  can  be  controlled,  and  so  that  the  amount  of  Cs  present  during  the  experi- 
ment can  be  accurately  determined.  Part  III  presents  the  methods  evolved, 
which  do  work. 

The  overall  results  and  conclusions  of  this  investigation  of  the  MHD 
laser  are  presented  in  the  next  section.  More  complete  results  will  be  found 
in  Parts  II  and  III. 

SUMMARY  CONCLUSIONS 

Part  II  of  this  report  presents  a comprehensive  numerical  model  of  the  MHD 
laser.  This  model  includes  the  effects  of  kinetics  of  ionization  and  of  electro- 
thermal instability  in  a channel  flow  representation  of  the  flow  through  an  MHD 
laser  channel.  It  combines  the  rather  full  understanding  of  MHD  generator  beha- 
vior developed  at  MIT  with  the  molecular  kinetics  of  the  CO^  laser. 

A major  finding  of  this  work  is  that  the  bottlenecking  of  the  lower  laser 
level  limits  the  performance  of  the  MHD  laser.  Proper  representation  of  this 
effect  requires  a three-level  model  for  the  CC^*  Because  the  lower  laser  level 
is  deactivated  by  CC^-CC^  collisions,  a minimum  CO^  mole  fraction  of  about  0.01 
is  required  to  ensure  maintenance  of  an  adequate  inversion  during  power  extraction. 

From  the  numerical  modeling  it  is  concluded  that  an  MHD  laser  operating 
with  a mixture  of  He,  0.03  C02,  10-5  Cs  with  a stagnation  temperature  of  2000°K, 
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stagnation  pressure  of  20  atm,  Mach  number  of  4 and  magnetic  field  strength 
of  4 T,  should  have  an  efficiency  of  conversion  from  thermal  energy  to  10.6  y 
radiation  in  excess  of  2%,  with  specific  power  of  60  ki/kg.  These  values 
make  competitive  with  high-powered  laser  concepts  currently  under  development. 

Part  III  of  the  report  presents  a thorough  experimental  study  of  the  gain 
of  MHD  laser  plasmas.  This  experiment  confirms  the  viability  of  the  plasma 
conditions  judged  most  suitable  from  the  numerical  modeling.  From  gain  measure- 
ments carried  out  over  a wide  range  of  plasma  conditions,  a set  of  parameters 
giving  maximum  small  signal  gain  was  found.  The  optimum  gas  mixture  was  found 

to  be  He,  0.014  CO^,  10  ^ Cs,  which  gave  a gain  of  0.3%/cm.  The  current 

2 

densit>  was  0.3  amp/cm  , and  the  electric  field  20  v/cm  at  a pressure  of  40  torr. 
This  level  of  induced  field  is  readily  available  in  an  MHD  laser,  as  it  implies 
a magnetic  field  strength  of  only  0.67  tesla  at  a flow  velocity  of  3000  m/s. 

In  addition  to  the  gain  optimization  results,  the  experiment  provided  a 
measurement  of  the  lower  level  depopulation  rate  found  to  be  crucial  in  the 
numerical  modeling.  The  measured  rate  of  (3.3  ± 0.03)  x 10^  atm  ^sec  1 agrees 
with  the  theoretical  result  of  Seeber.^  The  experiment  has  also  provided  a 
measurement  of  the  Cs-CO^  reaction  rate,  which  is  sufficiently  low  that  this 
reaction  should  not  be  a prob?.em  in  an  MHD  laser. 

From  these  results,  it  is  concluded  that  the  MHD  Laser  could  be  a serious 
competitor  to  the  gas  dynamic,  electric  discharge  and  chemical  lasers  when 
large  powers  are  desired.  A feasibility  experiment  could  be  based  on  the 
findings  of  this  report. 
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I.  INTRODUCTION 


1.1  Overview  of  the  Present  Investigation 

A magnetohydrodynamic  laser  is  a nonequi librium  MHD 
generator  which  contains  a lasing  molecular  species  in  addition 
to  the  usual  alkali  seed  and  noble  buffer  gas.  Energetic 
electrons  in  the  MHD  plasma  selectively  excite  certain  of  the 
vibrational  modes  of  the  lasing  molecules  to  produce  a popu- 
lation inversion.  If  mirrors  are  added  to  the  sides  of  the 
channel,  laser  oscillation  can  begin.  Very  high  lasing  power 
densities  are  conceivable  in  such  a device  because  of  the 
large  Joule  dissipation,  which  maintains  the  electron  tempe- 
rature above  that  of  the  gas.  Moreover,  the  high  speed  flow 
which  appears  to  be  essential  for  the  removal  of  waste  heat 
in  high  energy  continuous  wave  lasers  is  an  intrinsic  feature 
of  the  MHD  laser. 

Several  investigators  have  presented  analytical  models  of 
MHD  laser  performance,  but  none  of  these  has  been  entirely 
satisfactory  in  explaining  the  experimental  results  which  have 
been  accumulated  thus  far.  In  an  attempt  to  define  the  physi- 
cal processes  which  limit  the  device  performance  several  of 
these  studies  identified  quenching  collisions  between  CO^  and 
the  alkali  seed  which  disturb  the  equilibrium  of  the  bound 
electrons.  However,  as  we  shall  see  in  the  following  section, 


significant  small  signal  gains  have  been  measured  at  C02 
concentrations  well  beyond  the  maximum  limits  established  by 
the  quenching  theory.  In  addition  to  the  quenching  phenomenon, 
another  physical  process  may  be  important  in  determining  the 
quality  of  the  optical  output.  This  is  the  ionization 
instability,  which  leads  to  the  propagation  of  electrothermal 
waves  through  the  plasma  whenever  the  Hall  parameter  exceeds 
a critical  value.  These  result  in  temporal  and  spatial  non- 
uniformities in  the  electron  temperature  and  density  which 
reduce  the  bulk  electrical  conductivity  of  the  plasma. 

In  the  succeeding  pages  a new  theory  of  the  performance 
of  an  MHD  laser  will  be  presented.  This  model  differs  from 
the  previous  MHD  laser  analyses  in  that  it  combines  an 
improved  theory  of  nonequilibrium  MHD  generator  processes 
with  a new  view  of  the  kinetic  behavior  of  the  C02  molecule. 
Equations  are  developed  to  describe  the  evolution  of  the  gas- 
dynamic  and  plasma  properties  as  the  fluid  is  expanded  through 
an  MHD  nozzle-channel  combination.  The  analysis  employs  the 
quasi-linear  theory  of  Solbes^^  to  describe  the  average 
bulk  properties  of  the  flowing  plasma  in  the  presence  of 
ionization  instabilities.  This  theory  is  extended  to  include 
the  effects  of  molecules  on  the  electron  energy  balance. 

The  present  analysis  also  includes  the  effects  of  CO 2 exci- 
tation and  relaxation  processes  with  finite  rate  coefficients. 
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The  result  is  a self-consistent  set  of  equations  coupling 
the  gasdynamics  and  the  electron  kinetics  with  the  C02  vibra- 
tional kinetics.  Because  of  the  complicated  nature  of  these 
equations  a computer  program  was  developed  to  facilitate 

calculations  with  the  model.  This  program  was  used  as  the 

/ 

basis  of  a parameter  study  of  the  effects  of  various  input 
conditions  on  the  optical  output  of  the  lasar.  This  led  to 
a determination  of  the  processes  which  limit  CC>2  MHD  laser 
performance,  as  well  as  a set  of  near-optimal  operating 
conditions  for  the  laser  device. 

1.2  Review  of  Previous  Work 

The  electric  field  set  up  inside  a nonequilibrium  gene- 
rator accelerates  free  electrons  produced  by  thermal  ioni- 
zation, giving  them  a thermal  energy  (temperature)  above  that 
of  the  heavier  particles.  This  comes  about  because  the 
electrons  cannot  efficiently  transfer  their  kinetic  energy  to 
the  much  heavier  monatomic  gas  particles  via  elastic  collisions. 
However,  the  electrons  can  impart  a significant  fraction  of 
their  kinetic  energy  to  the  internal  storage  modes  of  a poly- 
atomic gas  molecule.  Thus  the  addition  of  a molecular  species 
to  a nonequilibrium  MHD  plasma  could  sharply  reduce  the  ele- 
vation of  the  electron  temperature  over  the  gas  temperature. 
Furthermore,  collisions  between  the  molecules  and  the  alkali 
seed  atoms  that  are  usually  provided  as  a source  of  electrons 


could  result  in  quenching  of  the  bound  electron  states  which 
are  in  equilibrium  with,  the  free  electrons.  This  would  upset 
the  detailed  balancing  processes  at  work  in  the  nonequilibrium 
MHD  plasma  and  reduce  the  electron  number  density.  Initially, 
then,  there  is  some  question  about  whether  a molecular  species 
can  be  tolerated  in  a nonequilibrium  MHD  generator. 

The  first  aspect  of  this  question  was  investigated  by 
(1  2) 

Draper,  ' who  studied  the  effects  of  adding  CO  and  N2  to 
nonequilibrium  MHD  plasmas.  In  addition  to  demonstrating  that 
high  levels  of  vibrational  excitation  could  be  achieved. 
Draper's  results  indicated  that  molecular  mole  fractions  on 
the  order  of  1%  would  not  seriously  reduce  the  electron 
temperature.  The  second  aspect  was  originally  studied  by 
Mnatsakanyan ^ in  connection  with  the  quenching  of  electroni- 
cally excited  alkali  atoms  by  molecular  collisions  in  a plasma 
consisting  of  N2-Ar-Cs.  His  results  indicated  that  a molecu- 
lar mole  fraction  of  less  than  1%  could  cause  a considerable 
depopulation  of  the  excited  bound  states,  with  a resulting 
sharp  drop  in  the  free  electron  number  density. 

The  importance  of  the  quenching  process  and  the  uncer- 

. (4 ) 

\ tainty  about  its  effects  led  Lowenstein  to  undertake  a 

\ 

further  study  of  its  influence  on  the  performance  of  an  MHD 
laser.  By  noting  the  essential  equivalence  of  collision- 
induced  quenching  by  molecules  to  the  quenching  produced  by 


radiative  decay  of  excited  atomic  states,  he  extended  the  work 
of  Mnatsakanyan  and  Shaw^5*  to  calculate  the  effects  of 
collisions  with  CC>2  on  the  bound  state  populations  of  Cs. 

A key  parameter  for  evaluating  these  effects  is  the  rate  at 
which  the  first  excited  state  of  Cs  is  depopulated  by  CC>2 
collisions.  As  the  first  state  is  depopulated,  the  upper 
states  in  turn  lose  member  atoms  as  they  reach  a new  equili- 
brium with  it.  This  rate  is  proportional  to  the  cross 
section  for  the  encounter,  a number  which  has  never  been 
reliably  measured.  In  his  calculations  Lowenstein  assumed 

-19  2 

a large  value  (7  x 10  m ) for  this  cross  section.  This  led 
to  the  prediction  that  a C02  mole  fraction  much  in  excess  of 
10  3 Would  lead  to  a severe  decrease  in  the  free  electron 
number  density.  Lowenstein 's  analysis  indicated  that  the 
maximum  small  signal  gain  would  occur  at  a C02  concentration 
of  0.22%;  the  small  signal  gain  at  this  point  is  0.011%/cm 

for  T = 2500°K  and  T = 300°K. 

e 

Lowenstein  also  studied  the  influence  of  C02,  both  with 
and  without  an  accompanying  laser  radiation  field,  on  the 
ionization  instability  that  is  know  to  occur  in  nonequilibrium 
MHD  plasmas.  His  results  here  indicated  that  the  radiation 
field  does  not  have  a significant  effect  on  the  instability 
because  its  influence  is  an  indirect  one  through  the  coupling 
with  the  vibrational  modes  of  the  molecules.  He  did  show, 
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however,  that  the  introduction  of  molecules  reduces  the 
critical  Hall  parameter  at  which  the  plasma  becomes  unstable. 

A major  limitation  of  Lowenstein's  analysis  is  his  assumption 
of  uniform  steady  flow  at  a constant  velocity  and  temperature. 
His  solution  then  corresponds  to  conditions  which  might 
prevail  at  a single  station  along  an  MHD  channel.  It  ignores 
the  effects  of  kinetic  processes  with  finite  rates  on  the  evo- 
lution of  the  flow. 

The  first  laser  experiments  with  a supersonic  MHD 
channel  were  performed  at  the  United  Aircraft  Research  Labo- 

/ g—Q  \ 

ratories.  Results  from  these  investigations  indicated 

that  electron  pumping  produced  an  appreciable  positive  small 
signal  gain  in  the  range  0.05-0.15%/cm,  but  efforts  to  extract 
optical  power  from  an  oscillator  were  inconclusive.  Analytical 
modeling  produced  a computer  simulation  of  the  MHD  expansion 
and  C02  vibrational  kinetics.  This  model  assumed  functional 
forms  for  several  important  MHD  parameters  and  utilized  CC>2 
vibrational  relaxation  models  available  in  1970.  It  predicted 
that  approximately  20%  of  the  Joule  dissipation  power  could 
be  converted  to  coherent  radiation,  with  an  overall  efficiency 
of  about  5%  if  the  C02  mole  fraction  could  be  maintained 
at  0.0175.  Such  a large  CC>2  fraction  cannot  be  permitted  if 
Lowenstein's  quenching  theory  is  valid.  Finally,  the  UARL 
investigation  yielded  the  significant  experimental  result  that 


chemical  reactions  between  CO^  and  Cs  are  important,  depleting 
the  available  quantities  of  both  gases  and  creating  uncer- 
tainty as  to  the  concentrations  that  were  present  during  the 
measurements. 

Shock  tunnel  studies  with  an  MHD  laser  channel  were 
performed  by  Zauderer,  Tate,  and  Marston ^ ' 10 ^ for  mixtures  of 
78%  He,  18%  Ar,  4%  CO 2 with  either  1%  Xe  or  0.1%  Cs  added  for 
seeding.  Despite  the  fact  that  Lowenstein's  theory  forbids 
any  appreciable  gain  with  such  a high  C02  loading,  these 
authors  measured  small  signal  gains  of  0.2%/cm.  In  these 
tests  external  voltage  augmentation  was  required  to  maintain 
electrode  conduction,  but  the  authors  attributed  this  to  the 
short  axial  channel  length  and  the  tendency  of  gas  convective 
effects  to  extinguish  a transverse  discharge  in  the  ionization 
buildup  region.  The  Cs-CC>2  chemical  reaction  was  also 
observed  in  these  experiments,  but  it  was  found  that  positive 
gain  could  be  obtained  if  the  CC>2  fraction  was  kept  well  above 
that  of  Cs. 

In  1977  a group  at  the  Institute  of  High  Temperature 
Physics  in  the  Soviet  Union  reported  the  results  of  a major 
study  of  MHD  lasers.  Both  small  signal  gain  and  power 

extraction  experiments  were  performed  with  a complete  nozzle- 
channel  combination  using  a pulsed  gas  flow.  Subsonic  tests 
were  run  with  a mixture  of  He,  Cs,  and  CC>2 , the  CC>2  mole 
fraction  being  1%.  A small  signal  gain  of  about  0.1%/cm  was 
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estimated,  and  a specific  power  of  about  10  kw/kg/sec  was 
measured  under  conditions  which  produced  a self-sustained 
discharge.  It  was  estimated  that  approximately  15%  of  the 
Joule  dissipation  was  converted  to  radiation.  These  results 
were  very  erratic  , however,  apparently  because  the  Cs 
reacted  chemically  with  both  CO 2 and  the  salt  windows. 

To  avoid  this  problem  the  investigators  substituted  Xe  as  the 
seed  and  ran  the  tests  in  a supersonic  channel.  A small 
signal  gain  of  0.3%/cm  was  again  reported  with  specific  power 
falling  in  the  same  range  as  before  (10  kw/kg/sec) . For  this 
series  of  tests  it  was  necessary  to  apply  an  external  voltage 
to  sustain  the  discharge. 

The  results  of  a series  of  ongoing  experiments  at  MIT 
are  consistent  with  those  of  the  previously  cited  investiga- 
tions. In  a static  discharge  tube  employing  a pulsed  electric 
field  and  gas  flow  system,  Sharma  has  measured  small  signal 

gains  in  the  neighborhood  of  0.3%/cm  with  a CC>2  fraction  of 

(12 ) 

0.8%.  The  success  of  this  apparatus  in  producing  positive 

gain  indicates  that  the  problem  of  chemical  reaction  between 
Cs  and  C02  can  be  overcome  even  in  a small  scale  experiment 
with  slow-moving  gases.  In  addition,  it  was  demonstrated  by 
applying  a pulsed  magnetic  field  that  the  same  levels  of  gain 
could  be  attained  in  an  electrothermally  unstable  plasma. 

Thus  there  is  a body  of  experimental  evidence  which 
indicates  that  a gain  of  0.1-0.3%/cm  can  be  achieved  with  a 
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C02  fraction  on  the  order  of  1%,  in  both  pulsed  discharge 
and  supersonic  flow  experiments.  This  is  in  direct  violation 
of  the  Lowenstein  quenching  theory,  so  it  seems  evident  that 
this  theory  overstated  the  importance  of  depopulating 
collisions  between  Cs  and  C02.  At  the  same  time  the  other 
analyses  have  been  unable  to  explain  the  experimental  results 
with  any  consistency.  It  would  therefore  seem  desirable  to 
reconstruct  the  theoretical  model  in  order  to  obtain  a better 
understanding  of  the  physical  processes  which  govern  MHD  laser 
performance.  Accordingly,  the  present  investigation  was 
undertaken. 

] .3  MHD  Laser  Fundamentals 

The  selection  of  the  optically  active  species  for  use  in 

an  MHD  laser  depends  largely  on  the  nature  of  nonequilibrium 

MHD  generator  plasmas.  There  are  essential  differences 

between  these  plasmas  and  those  in  conventional  electric 

discharge  lasers.  The  former  are  characterized  by  relatively 

19  20  -3 

high  electron  number  densities  (10  -10  m ) and  low  average 

energies  (0.2-0. 3 eV) . In  contrast,  the  EDL  plasma  has  rather 
low  electron  densities  (1015-1016  m 3)  but  high  average 
energies  (^2  eV) . Thus  the  MHD  plasma  would  not  seem  to  be  a 
good  candidate  for  pumping  an  electronic  transition  laser, 
which  has  energy  level  spacings  on  the  order  of  several 
electron  volts.  Considering  the  average  thermal  energy  of 
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the  electrons,  a more  appropriate  choice  would  be  the  vibra- 
tional inodes  of  a molecular  species.  Furthermore,  since 
helium  is  the  predominant  species  in  nonequilibrium  MHD 
plasmas,  it  would  be  desirable  to  employ  as  the  gain  medium 
a gas  whose  lower  laser  level  is  effectively  relaxed  by 
collisions  with  He. 

In  the  present  work  an  analysis  of  the  performance  of  an 
MHD  laser  was  conducted  for  a plasma  consisting  of  helium, 
cesium,  and  carbon  dioxide.  C02  was  chosen  as  the  laser 
medium  for  a variety  of  reasons: 

(1)  It  has  been  successfully  employed  in  other  gas 
laser  systems. 

(2)  It  has  a high  quantum  efficiency  (approximately  41%). 

(3)  The  upper  laser  level  for  the  most  common  C02  laser 
transitions,  C02  (00°1) , is  separated  from  the 
ground  state  by  0.29  eV,  which  is  comparable  to  the 
average  electron  energy  in  an  MHD  generator. 

(4)  Helium,  the  primary  constituent  in  nonequilibrium 
MHD  plasmas,  has  been  effectively  employed  as  the 
lower  level  relaxant  in  other  high  energy  C02  laser 
systems . 

(5)  Most  of  the  work  performed  to  date  on  MHD  lasers  has 
used  C02  as  the  active  medium. 

Conventional  C02  electric  discharge  lasers  use  electron 
impact  excitation  for  pumping  the  vibrational  levels  of  N2; 
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this  energy  is  effectively  transferred  to  the  CO2C00°l)  level 
via  resonant  collisions.  It  should  be  noted  that  for  electron 
temperatures  in  the  2000-3000 °K  range,  the  vibrational  exci- 
tation rate  for  the  CO^tOO0!)  level  is  one  to  two  orders  of 
magnitude  greater  than  that  for  n2  . ^ This  is  in  contrast 
to  the  situation  in  conventional  EDL’s,  where  the  average 
electron  energy  is  in  the  neighborhood  of  1 eV  and  electron 
vibrational  excitation  of  N2  dominates.  Thus  it  does  not 
appear  that  N2  would  be  particularly  useful  in  maintaining 
the  C02  population  inversion  in  the  electron  temperature 
range  encountered  in  MHD  plasmas. 

In  a fairly  straightforward  manner  we  can  determine  the 
best 'electrical  connection  for  MHD  laser  operation.  ^ For  a 
uniform  fluid  the  Ohm's  Law  with  Hall  effect  may  be  written 
as : 

J + j x B = OE'  (1-1) 

where  E'=E+uxBis  the  electric  field  seen  in  a frame 
moving  with  the  gas.  By  taking  the  inner  product  with  the 
current  density  vector  one  obtains 

u • j x B=  j • E + J2/0  (1-2) 

This  equation  states  that  the  total  work  performed  by  the 

fluid  (u  • J x b)  is  equal  to  the  electrical  power  output 

(J  • E)  plus  the  power  dissipated  in  the  fluid  (the  Joule 
2 

dissipation  J /a)  . The  latter  term  results  in  electron  heating 
and  should  be  maximized  for  an  MHD  laser. 
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It  is  clear  from  Eq.  (.1-2)  that  all  the  electrical  power 
goes  into  electron  heating  if  J » E is  zero.  This  implies 
that  the  MHD  channel  should  be  short-circuited  in  the  direc- 
tion of  current  flow  for  a laser.  It  also  follows  that  the 
maximum  power  dissipation  occurs  when  u,  J,  and  B are  mutually 
orthogonal.  These  considerations  point  to  the  short-circuited 
Faraday  connection  as  best  for  MHD  laser  applications. 

(Short  circuiting  the  channel  in  the  axial  or  Hall  direction 
will  not  increase  the  Joule  heating  because  for  a given 
current  density,  the  Hall  effect  does  not  increase  the  Joule 
dissipation.  Furthermore,  the  Hall  current  would  produce 

a transverse  pressure  gradient  in  the  gas  which  could  lead  to 
unwanted  nonuniformities  and  possibly  boundary  layer  separation.) 
Figure  1 features  a schematic  diagram  of  such  a configuration. 

Experience  with  nonequilibrium  MHD  generators  indicates 
that  it  may  prove  desirable  to  include  a preionizer  in  the 
nozzle  just  before  the  flow  encounters  the  magnetic  field. 

The  most  successful  type  employs  a DC  discharge  between 
offset  electrodes  which  ionizes  the  seed  to  provide  an 
appreciable  electron  number  density  (and  conductivity)  in  the 
channel  entrance  region.  Since  free  electron  energy  losses 
will  be  greater  with  a molecular  additive,  and  in  view  of  the 
concern  about  quenching  of  the  bound  electronic  states  of  the 
seed,  a preionizer  may  prove  to  be  an  essential  part  of  an 
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MHD  laser.  We  will  investigate  the  effects  of  preionization 
later  in  this  dissertation. 


In  the  work  to  be  reported  in  the  following  chapters, 
we  shall  confine  our  attention  to  those  operating  conditions 
which  have  been  identified  as  suitable  for  MHD  laser  appli- 
cations by  the  previously  cited  analyses  and  experiments. 

(14 ) 

It  has  been  shown  that  optimum  pumping  efficiency  for  a 

— 1 6 2 

CC^-He  laser  mixture  occurs  when  E/n  =10  V cm  . Here  E 

is  the  induced  electric  field  (E  = uB  in  our  case)  and 

n = p/kT.  This  establishes  a range  of  values  for  the  Mach 

number,  the  magnetic  field  strength,  the  stagnation  pressure, 

and  the  stagnation  temperature. 

It  has  also  been  demonstrated  that  an  upper  limit  exists 

( 4 ) 

fcr  the  electron  number  density  ne»  Lowenstein  shows  that 
when  ne/nHe  exceeds  10  ^ , electron  pumping  of  the  bending  mode 
becomes  significant.  This  reduces  the  gain  and  saturation 
intensity  of  the  laser  medium.  Because  the  electron  number 
density  has  an  exponential  dependence  on  the  electron  tempe- 
rature, a small  change  in  Tg  can  produce  a large  variation  in 

ne«  To  keep  ng  in  the  acceptable  range  in  a plasma  where  Tg 
varies  greatly,  it  is  desirable  to  use  a seed  fraction  of  10 
Then  even  near  full  ionization  the  lower  laser  level  will  not 
become  excited  by  electron  pumping.  (A  seed  fraction  of  10  ^ 

(9) 

also  meets  the  recommendation  of  Zauderer  that  the  cesium 
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concentration  be  kept  well  below  the  CO2  fraction  in  order  to 
minimize  the  effects  of  the  chemical  reaction.) 

The  treatment  of  the  electron  kinetics  is  considerably 
simplified  if  the  energy  distribution  of  the  free  electrons 
can  be  taken  to  be  Maxwellian.  When  this  is  the  case  the 
electron  energy  can  be  described  by  an  electron  temperature 
T • This  is  a valid  assumption  if  the  rate  of  energy  transfer 
in  electron-electron  collisions  is  much  greater  than  the 
rates  of  energy  loss  through  the  various  elastic  and  inelastic 
collisional  mechanisms.  Lowenstein  indicates  that  in  a 
CO^  MHD  laser  plasma  this  condition  is  satisfied  for 

ne/n^Q  > 10  ^ . Since  we  are  limiting  the  seed  fraction  (hence 

2 _ 5 

ne/nHe)  to  10  , the  Maxwellian  assumption  will  be  valid  for 

CO2  concentrations  of  about  1%  or  less. 

It  is  also  assumed  that  the  energy  levels  within  each  of 
the  three  vibrational  modes  of  the  CC>2  molecule  are  in  equi- 
librium so  that  the  population  of  each  level  may  be  determined 
by  the  Boltzmann  relation.  In  this  case  each  mode  may  be 
described  by  a vibrational  temperature.  This  assumption  is 
valid  if  the  intramode  energy  transfer  rate  is  much  greater 
than  the  rates  for  the  other  collisional  (and  radiative) 
processes  which  populate  and  depopulate  the  energy  levels  of 
the  mode.  As  will  be  seen  in  Chapter  4,  these  conditions  are 
usually  satisfied,  but  there  is  some  question  about  applying 
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the  equilibrium  assumption  to  the  lower  levels  of  the  bending 
mode . 

The  major  qualitative  and  quantitative  difference  between 
the  present  work  and  the  earlier  studies  appears  in  the  equa- 
tions describing  the  CC>2  molecular  kinetics.  The  previous 

/ 

analyses  assumed  that  the  removal  of  energy  from  the  lower 
laser  level  through  interatomic  and  intermolecular  collisions 
was  extremely  rapid,  implying  that  the  bending  and  symmetric 
stretch  modes  of  the  CO 2 molecule  were  in  equilibrium  at 
approximately  the  same  vibrational  temperature.  Since  1969 
a good  deal  of  experimental  evidence  has  been  accumulated 
which  indicates  that  this  assumption  is  not  correct  when  the 
C02  mole  fraction  is  much  less  than  ten  percent,  as  is  the 
case  in  an  MHD  laser. 

If  this  is  true,  the  bending  and  symmetric  stretch  modes 
cannot  be  combined  in  a single  vibrational  energy  equation, 
as  is  usually  done  in  analyses  of  CC>2  lasers.  This  analysis 
employes  separate  energy  equations  for  each  of  the  C02  vibra- 
tional modes.  We  will  investigate  this  question  in  much 
greater  detail  in  Chapter  4.  However,  it  should  be  noted  that 
the  effect  of  weak  coupling  between  bending  and  symmetric 
stretch  modes  is  most  pronounced  during  peak  power  extraction. 
If  the  collisional  deactivation  rate  of  the  lower  laser  level 
is  small,  then  the  rate  of  energy  removal  from  the  upper  laser 

level  may  be  limited  by  bottlenecking,  rather  than  by  the  pumping  rate. 
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II.  PHYSICS  OF  C02  LASERS 

2.1  CO 2 Molecular  Structure 

It  is  appropriate  to  begin  our  discussion  of  C02  laser 
behavior  with  a look  at  the  structure  of  the  molecule  and  how 
this  affects  collisional  energy  transfer  processes.  C02  is  a 

(17) 

linear  triatomic  molecule  with  three  normal  modes  of  vibration 
(see  Figure  2) . These  are  designated  (symmetric  stretch 
mode,  or  SSM) , v2  (doubly  degenerate  bending  mode,  or  BM) , and 
v3  (antisymmetric  stretch  mode,  or  ASM) . Each  mode  consists 
of  a series  of  energy  levels  which  are  nearly  equally  spaced, 
enabling  the  modes  to  be  modeled  as  harmonic  oscillators  with 
very  little  error.  In  addition,  each  vibrational  level  has 
superimposed  upon  it  a series  of  rotational  energy  levels  with 
very  close  spacing. 

Figure  3 shows  an  energy  level  diagram  of  the  C02  mole- 
cule. Two  laser  transition  bands  have  been  observed;  both 
originate  on  the  00 °1  level  (the  first  excited  level  of  the 
ASM).  The  10.6  micron  band  terminates  on  the  first  excited 
SSM  level  (10°0) , whereas  the  9.6  micron  band  terminates  on 
the  second  excited  level  of  the  bending  mode  (02° 0)  . In  order 
for  a laser  to  function,  the  upper  level  of  the  transition 
must  be  selectively  overpopulated  by  some  means  (in  our  case 
by  electron  impact  excitation) . When  the  upper  level  popula- 
tion exceeds  that  of  the  lower  level,  a population  inversion 
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is  said  to  exist.  The  C02  is  then  capable  of  amplifying  a 
beam  of  light  passing  through  the  gas  at  the  laser  transition 
frequency. 

Since  the  population  inversion  is  the  essence  of  laser 
action,  the  key  problem  in  building  a laser  is  the  attainment 
of  this  condition  in  the  gas.  To  create  a population  inversion 
one  must  add  energy  to  a large  number  of  ground  state  C02  mole- 
cules. The  internal  degrees  of  freedom  of  a molecule  can  gain 
energy  by  absorption  of  photons  or  through  collisions  with 
other  particles  (either  molecules  or  electrons) . It  is  diffi- 
cult to  scale  up  optical  pumping  techniques  for  use  in  large 
devices.  Collisional  processes  are  the  important  energy  trans- 
fer mechanisms  in  an  MHD  laser. 

•Vibrational  excitation  by  low  energy  electrons  proceeds 
by  a dipole  interaction  and  has  been  studied  experimentally 
to  a sufficient  degree  to  give  accurate  cross  section  data. 
Since  the  ASM  and  BM  vibrations  produce  an  internal  dipole 
moment  within  the  C02  molecule,  electrons  have  a considerably 
higher  cross  section  for  these  modes  than  for  the  SSM,  which 
produces  no  internal  dipole  moment.  (This  is  true  for  elect- 
rons with  energies  below  2-3  eV,  i.e.,  most  of  the  electrons 
in  an  MHD  laser  plasma.)  Moreover  the  cross  sections  for 
excitation  of  higher  levels  (020,  002,  etc.)  have  been  esti- 
mated to  be  much  smaller  than  those  for  the  first  excited 

(21) 

levels  of  the  three  modes. 

Thus  in  a C02  laser  employing  direct  electron  excitation, 

virtuallv  all  the  discharge  energy  goes  into  the  01' 0 and 
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00°1  levels.  Energy  input  into  the  bending  mode  represents  a 
parasitic  energy  loss;  indeed  some  of  this  energy  may  be 
transferred  to  the  lower  laser  level  via  collisions,  reducing 
the  population  inversion.  The  amount  by  which  the  energy 
transferred  to  the  00° 1 level  exceeds  that  pumped  into  the  01' 0 
level  is  a measure  of  the  efficiency  of  the  excitation  process. 
This  is  an  important  figure  of  merit  in  the  evaluation  of  laser 
system  feasibility. 

2.2  Small  Signal  Gain 

As  an  introduction  to  the  laser  performance  analysis,  we 

review  here  the  basic  equations  which  describe  the  generation 

and  amplification  of  coherent  radiation  in  a laser  medium. 

The  natural  starting  point  for  our  discussion  is  the  equation 

(22) 

of  radiative  transfer: 


dl 
v 

dx 


*A21  N2  + B21  N2  " B12  Xv  N1J  hv 


(2-1) 


Here  A^,  B21,  and  B^2  are  the  Einstein  coefficients  for 
spontaneous  emission,  stimulated  emission,  and  absorption, 
respectively.  N2  and  are  the  populations  of  the  upper  and 
lower  laser  levels,  and  Iy  is  the  optical  intensity  of  radia- 
tion at  frequency  v.  From  elementary  statistical  arguments 
it  can  be  shown  that 


B12  “ B21 
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A21  = (2hv/c  ) B21. 

So  it  is  possible  to  make  the  following  comparisons: 

2 

stimulated  emission  _ c j 
spontaneous  emission  2hv^ 


2 

absorption _ c j.  ehv/kT 

spontaneous  emission  2hv3 

- -6  2 

Now  even  in  a small  CC>2  laser  I = 5 x 10  watt/cm  /sec/ 
steradian,  so  that  stimulated  emission  exceeds  spontaneous 

g 

emission  by  a factor  of  10  . 

It  follows  that  we  can  ignore  spontaneous  emission  in  the 
radiative  transfer  equation  which  becomes: 


dl 
v 

dx 


(B21  Xv  N2  ” B12  Jv  Nl>  hV 


Rearrangement  of  some  factors  yields : 


(2-2 


dI 

-J — = B21  (N2  - hv  dx 


= A,,  (N,  - N.)  dx  (2-3 

2v  * L 


The  relation  c 


\v  leads  to  the  result 


(2-4) 


(Nj  - N^)  dx 


Now  the  small  signal  gain  (or  absorption)  coefficient  G 

o 

is  defined  by 


“ Go  dx  (2-5) 

v 

Equating  these  last  two  expressions,  we  find 

A2  A2 

Go  “ 2 (N2  “ Nl)  (2-6) 

By  our  convention  A21  is  defined  per  unit  solid  angle,  so  after 
integration  over  all  angles  we  have 

A21  = 4lr  *21 

= number  of  spontaneous  trans- 
itions per  molecule  per  unit 
frequency  in  all  directions 

The  radiative  lifetime  is  related  to  the  Einstein  spon- 
taneous emission  coefficient  by 


Then 


5TT£  (N2  - V 


(2-7) 


Thus  far  we  have  assumed  that  the  transition  takes  place  at  a 
distinct  frequency.  However,  the  natural  radiative  transition 

is  smeared  over  a finite  frequency  interval.  The  true  life- 
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time  t21  actually  observed  would  be  an  integrated  value  over 
the  whole  transition  linewidth.  To  account  for  this  inte- 
gration we  introduce  the  lineshape  function  g(vQ)  into  Eq. 


(2-7)  : 


8ir  x. 


<N,  - N.)  g(v  ) 


(2-8) 


To  determine  the  lineshape  factor  we  must  look  at  the  pro- 
cesses which  lead  to  broadening  of  the  spectral  line.  If  the 
pressure  of  the  gas  is  below  10  torr,  the  broadening  is  pri- 
marily due  to  the  Doppler  effect.  For  pressures  very  much 
above  10  torr  the  dominant  contribution  to  the  linewidth  is 
from  collisional  (pressure)  broadening.  In  this  case,  which 
corresponds  to  the  pressure  regime  encountered  in  MHD  laser 
systems,  the  lineshape  is  given  by  the  Lorentzian  profile: 


g(v0) 


2it[(vo-v)2  + (^)2] 


(2-9) 


For  collision  broadening  the  linewidth  is  given  by 


Av  = 


38 


i 


whene  »c  is  the  total  collision  frequency  between  C02  and  all 
species: 


v 

c 


IN.  a.  c__ 

^ l l co2~i 


where 


-i 


Then  for  pressures  above  10  torr  the  small  signal  gain  at  line 
center  (v  * v ) is 


where 

and 

The  population  inversion  exists  for  transitions  between 
two  distinct  vibration-rotation  levels.  So  N2  and  N^  are 
functions  not  only  of  the  vibrational  level,  but  also  of  the 
rotational  level: 

N2  - N001  F(J) 

N1  " N100F(J±1^ 
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(2-10) 


X * 10.6  x io"6  m 


T21  = 5*38  sec. 


V 


Because  of  the  selection  rules  for  dipole  transitions  the 
rotational  quantum  number  J must  change  by  + 1 between  the 
upper  and  lower  laser  levels. 


Here 


Noox  ' nco2  Q e 


-X  -hVltT3 


where 


, -hv  /kT. 

N100  “ nco2  Q e 


-hv. /kT.  -hv_/kT- 

Q = (1  - e 1 A)  (1  - e i z) 


-hv  /kT, 
x (1  - e J 


= vibrational  energy  partition  function. 

The  fraction  of  CO 2 molecules  in  the  Jth  rotational  level 
is  given  by: 


F (J)  = (2J  + 1) 


!^Iexp 


The  characteristic  rotational  temperature  9RqT  is  about  0.56°K. 

The  rotational  relaxation  rate  is  several  orders  of  magnitude 

faster  than  the  intermode  vibrational  transfer  rate.  Further- 

-5 

more,  the  electron  mole  fraction  is  small  enough  (10  ) that 

electron  excitation  of  the  rotational  levels  will  not  be  com- 


parable to  heavy  particle  relaxation. 


Thus  we  may  assume 


here  that  the  rotational  levels  follow  a Boltzmann  distribu- 


tion at  the  gas  translational  temperature  T. 
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For  values  of  T between  300  and  400°K  the  maximum  popula- 
tion occurs  on  the  J = 20  level.  Then  the  transition  with  the 
highest  gain  will  be  P(20),  for  which  J jumps  from  20  to  21. 
This  will  be  the  first  line  to  lase  in  an  oscillator.  If  the 
rotational  reequilibration  rate  is  rapid  enough,  this  level 
will  be  continually  repopulated  by  collisions.  Reference  (25) 
indicates  that  this  will  indeed  be  the  case  even  for  the  low 
CC>2  concentration  in  an  MHD  laser.  We  may  then  use  Anderson's 
approximation  to  Eq.  (2-10)  to  calculate  the  small  signal  gain 
on  the  P(20)  transition. 


47TT21  Vc 


(N 


001 


" "lOO* 


-234/T 


(2-11) 


As  the  fluid  moves  down  the  channel,  the  vibrational  level 
populations  and  the  temperature  will  change  as  a result  of 
collisional  excitation-relaxation  processes  and  gasdynamic 
effects.  Then  the  gain  itself  is  a function  of  x,  the  axial 
coordinate.  We  can  determine  this  axial  variation  in  gain  by 
solving  the  rate  equations  for  the  populations  Ngg^  and  N^gg. 

There  are  two  alternate  approaches  to  writing  these  equa- 
tions. The  first  is  to  write  a separate  rate  equation  for  each 
level  which  has  a significant  population.  In  the  case  where 
the  degree  of  vibrational  excitation  is  significant,  a large 
number  of  levels  will  be  populated.  Hence  the  number  of  rate 
equations  requiring  solution  by  numerical  integration  could 
become  rather  large. 


This  situation  can  be  simplified  considerably  if  the  energy 


levels  within  each  mode  of  vibration  are  in  Boltzmann  equilibrium 
with  one  another.  We  noted  in  Chapter  1 that  this  was  true  if 
the  intramode  energy  transfer  rate  was  rapid  enough.  Then  to 
calculate  the  population  of  any  one  level  we  merely  evaluate 
the  Boltzmann  relation  at  the  correct  vibrational  temperature. 
This  temperature  is  determined  from  a knowledge  of  the  energy 
in  the  mode.  In  the  case  of  CO^  the  rate  equations  for  all  the 
vibrational  energy  levels  reduce  to  a set  of  three  equations, 
one  for  each  mode  of  vibration.  Schwartz,  Slawsky,  and  Herzfeld 
showed  that  when  the  energy  levels  of  a mode  are  in  equilibrium, 

the  rate  equation  for  the  mode  takes  the  form  of  the  Landau- 

(26) 

Teller  equation. v ' This  was  derived  originally  for  a system 
composed  of  diatomic  harmonic  oscillators  in  a bath  of  vibra- 
tionally  inactive  particles.  Then  the  rate  equations  for  the 
three  modes  are: 


(tl)  - e1(t2) 


tirel 


(2-12) 


DE 
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W " W + W ' W 
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3REL 


E1(T1)  ‘ E1(T2)  E2(T2)  ” E2(T) 


(2-13) 
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Here  we  have  neglected  certain  low-probability  collisional 

processes  which  we  shall  describe  in  Chapter  4 . 

hv . 

£ _ _ 

Also,  i ~ hv . /kT^  CO 2 

e - 1 

is  the  vibrational  energy  density  of  the  i th  mode,  E ^ (T ^ ) 
is  E-  evaluated  at  temperature  T . , and  r . and  x . ___  are 

i.  J 16  lKbLi 

the  excitation  and  relaxation  times  for  mode  i.  Once  the 
energy  densities  of  the  three  modes  are  known,  it  is  a simple 
matter  to  calculate  the  vibrational  temperatures  via  a numeri- 
cal technique  such  as  the  Newton-Raphson  method.  Then  the 
level  populations  and  the  small  signal  gain  can  be  computed 
in  a straightforward  manner. 

2.3  Power  Extraction 

The  gain  calculation  discussed  in  the  previous  section 
implicitly  assumed  that  the  optical  intensity  was  small  enough 
that  it  did  not  significantly  disturb  the  level  populations 
via  induced  transitions.  In  small  signal  gain  experiments 
where  the  inverted  medium  is  used  as  an  amplifier  for  a weak 
proble  laser  beam  this  is  a valid  assumption.  The  small  signal 
gain  is  a frequently  quoted  figure  of  merit  which  can  be  meas- 
ured with  standard  experimental  techniques.  However,  for  high 
energy  laser  applications  the  key  question  centers  on  how 
much  average  power  can  be  extracted  from  the  gas.  In  order  to 
calculate  the  performance  of  devices  where  the  optical  inten- 
sity is  not  small,  we  must  include  in  the  rate  equations  the 
effects  of  stimulated  emission  in  depopulating  the  upper  laser 
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level  and  filling  the  lower  one. 

This  involves  the  addition  of  one  term  to  each  of  Eqs. 

(2-12)  and  (2-14)  . The  rate  of  optical  energy  production  per 

unit  volume  is  given  by  gl,  where  g is  the  local  (saturated) 

gain  and  I is  the  optical  intensity.  The  saturated  gain  is 

(21) 

related  to  the  small  signal  gain  via'  1 

' G 

9 = 1 + I/I ‘2-1 

' SAT 


Here  ISAT  is  the  saturation  intensity,  which  depends  on  the 
relaxation  rates  of  the  various  energy  levels. 

In  a laser  oscillator  with  planar  mirrors  of  constant 
reflectivity  the  gain  is  clamped  at  a fixed  value  by  the  cavi- 
ty parameters.  Assuming  that  energy  is  lost  only  at  the  mirrors, 
a steady  state  energy  balance  for  the  cavity  shows  that  the  rate 
of  optical  energy  production  by  the  molecules  must  equal  the 

energy  flux  through  the  mirrors  (transmission  plus  absorption) . 

(27) 

This  gain-equals-loss  condition  may  be  expressed  by  ' 


where 


and 


2L  ln(rir2) 


L = cavity  width 


r 1 , r2  = mirror  reflectivities. 


(2-16) 
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For  simplicity  we  shall  restrict  our  analysis  to  a single 
pass  resonator  with  planar  mirrors  of  constant  spacing  and  re- 
flectivity. With  the  gain  fixed  during  lasing  we  can  proceed 
to  calculate  the  optical  intensity  I.  The  technique  is  the 
same  as  that  used  in  References  (4) , (8) , and  (28) ; it  is  des- 

cribed in  detail  in  Appendix  A.  To  summarize  this  calculation 
briefly,  we  solve  the  energy  transfer  equations  for  the  optical 
intensity  in  the  cavity  with  g fixed  by  Eq.  (2-16)  . We  do  not 
consider  the  cavity  mode  structure  or  the  effects  of  diffrac- 
tion. 

Whenever  an  induced  transition  occurs,  the  upper  laser 

level  loses  energy  hvQ  to  the  radiation  field.  The  lasing 

molecule  initially  has  the  energy  of  vibration  hv^.  The 

difference  between  hv^  and  hvQ  goes  into  Mode  1,  and  is  equal 

to  hv^.  Then  the  rate  of  energy  lost  per  unit  volume  by  Mode  3 

may  be  written  in  terms  of  the  optical  energy  production  rate 

as  — — gl.  We  may  now  write  the  complete  rate  equations 

3 ” 1 

for  the  three  CC^  vibrational  modes  as 


E1(T1}  " E1(T2) 
t1REL 


(2-17) 


W " E2(T2}  E3(T3}  ‘ E3(T2} 

T2e  T3REL 

E1(T1}  " W W ' E2(T) 

“f*  ' ““  _ 

T1REL  T2REL 


(2-18) 
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W ' W W - W 


3REL 


(2-19) 


As  the  fluid  moves  down  the  channel,  a certain  amount  of 
time  and  distance  is  required  before  a population  inversion 
develops  which  is  large  enough  to  permit  lasing.  Until  this 
occurs  Eqs . (2-12)  - (2-14)  are  adequate  to  describe  the  state 

of  the  vibrational  modes.  The  gain  is  monitored  until  the  thres- 
hold value  is  reached.  Then  laser  power  output  is  calculated 
based  on  the  assumption  that  the  laser  transitions  occur  at  a 
rate  that  just  balances  the  pumping  mechanisms  in  order  to 
maintain  the  gain  at  threshold. 

Let  us  imagine  that  the  output  coupling  is  effected  entire- 
ly through  mirror  2,  which  has  absorptivity  a2  and  transmissiv- 
ity t2  such  that  r2  = 1 - a2  - t2 . Then  the  output  power  per 
unit  area  is  given  by  It  should  be  understood  that  this 

is  a local  quantity,  since  I varies  with  x in  the  one-dimension- 
al fluid  flow  approximation.  A quadrature  is  required  to  cal- 
culate the  output  power: 

x 

P0UT(x)  = y t2I(x)h(x)  dx  (2-20) 
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where  xq  is  the  point  at  which  oscillation  begins  and  h(x)  is 
the  height  of  the  mirrors. 

The  total  power  removed  from  the  plasma  is  equal  to  the 
output  power  PQUT  plus  the  power  absorbed  by  the  mirror  P^g . 
The  latter  is  also  calculated  by  a quadrature: 


PABS  tx) 


x 

J (a^  + a2) 


I(x)h(x)  dx. 


(2-21) 


We  shall  assume  throughout  the  remainder  of  this  analysis 
that  a^  = a2  = 0.02,  a representative  value  for  the  type  of 
oscillator  cavity  we  are  considering.  The  transmission  coeff- 
icient will  be  treated  as  a free  parameter. 

Several  efficiency  parameters  are  useful  in  describing 
the  performance  of  an  MHD  laser.  Since  the  process  of  conver- 
ting the  thermal  energy  of  the  gas  to  coherent  optical  energy 
involves  several  intermediate  steps,  the  overall  efficiency  can 
be  divided  into  the  product  of  several  step  or  stage  effici- 
encies. Of  prime  interest  here  are  quantities  which  we  shall 
refer  to  as  the  pumping,  optical,  and  local  efficiencies.  We 
define  the  pumping  efficiency  np  as  the  fraction  of  the  Joule 
dissipation  power  which  is  transferred  to  the  upper  laser 
level  C02(00°1).  In  general,  this  fraction  depends  on  the 
state  of  the  plasma  and  is  expressed  mathematically  as 


n 

p 


[W  ' E3(T3)]/T3e 


J2/a 


eff 


(2-22) 
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Note  that  the  rate  of  energy  transfer  to  the  C02  depends  not 
only  upon  the  excitation  time  , but  also  upon  the  difference 
between  the  electron  temperature  Tg  and  the  upper  laser  level 
temperature  T^ . In  conjunction  with  this  we  can  also  define 
nL  as  the  fraction  of  the  Joule  dissipation  that  is  transferred 
to  the  bending  mode  CO^Ol'O): 


tE2(Te)  - E2(T2)]/T2e 

_2  . 

J /° 


(2-23) 


This  is  not  really  an  efficiency,  but  a parasitic  loss  term, 
because  it  is  power  that  is  lost  to  the  upper  laser  level. 

Closely  related  to  the  pumping  efficiency  is  the  optical 
efficiency  n0pT/  defined  as  the  fraction  of  the  Joule  dissipa- 
tion which  is  actually  converted  to  optical  power: 


J 2/a 


(2-24 


The  numerator  gl  is  not  the  total  optical  output,  but  rather 
the  intracavity  flux  density.  With  this  dissipation  Hqpt 
is  a measure  of  the  importance  of  collisional  deactivation  of 
the  upper  laser  level.  n0PT  approaches  np  when  all  the  mole- 
cules in  the  upper  laser  level  are  deactivated  by  stimulated 


From  an  overall  performance  viewpoint,  the  most  important 


laser  cavity  to  the  energy  that  could  be  extracted  if  the  process 
were  adiabatic: 


t2  gl  h(x)  dx 

A cp  Toi  [1  - 


!y-i)7y 


(2-25) 


This  is  closely  related  to  the  concept  of  turbine  efficiency  in 
the  turbomachinery  literature.  For  a given  pressure  drop  the 
denominator  represents  the  maximum  amount  of  work  which  can  be 
done  according  to  the  laws  of  thermodynamics.  Thus  is  also 

a measure  of  the  cavity  length  required  to  produce  a desired 
amount  of  optical  power.  Excessively  long  optical  cavities  are 
undesirable  for  a variety  of  reasons.  Among  these  are  the  high 
cost  of  large  mirrors,  the  increased  loss  of  molecules  from  the 
upper  laser  level  due  to  collisional  deactivation,  and  the  in- 
creased importance  of  viscous  losses  in  a longer  channel.  We 
can  define  an  extraction  length  LEXT,  which  is  the  distance  the 
fluid  must  travel  in  order  for  a desired  optical  power  PTQT  to 
be  removed: 


TOT 
= AP/Ax 


(2-26) 


AP 

Here  ^ is  the  amount  of  power  extracted  per  unit  length,  which 
is  related  to  the  local  efficiency: 
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AP 


nLOC 


AP/Ax 


(2-27) 


Then 
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tl  - (p^-)  ] 

01 
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Ax 


(2-20) 


Thus  the  extraction  length  can  be  reexpressed  as 


PTOT 


EXT 


"LOC  ” cp  T01  [1  - (p^> 


^7TRn7Y- 


(2-29) 


This  shows  clearly  that  when  the  local  efficiency  is  high,  the 
length  required  to  produce  a desired  power  output  is  rela- 
tively short.  On  the  other  hand  a low  value  of  means 

that  a longer  MHD  channel  and  optical  cavity  will  be  re- 
quired. 
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III.  DESCRIPTION  OF  PLASMA 


3.1  Basic  Assumptions 

In  this  chapter  we  will  present  a self-consistent  analyt- 
ical formulation  describing  the  behavior  of  the  fluid  in  a 
magnetohydrodynamic  laser.  A model  of  the  flow  in  an  MHD 
channel  must  employ  a set  of  coupled  equations  describing  the 
neutral  gas  species  and  the  electron  gas.  The  coupling  is  ef- 
fected by  the  retarding  Lorentz  force  which  results  from  the 
interaction  between  the  electric  current  and  the  magnetic  field, 
and  by  the  Joule  dissipation.  In  a nonequilibrium  MHD  device 
the  electron  temperature  is  elevated  above  that  of  the  neutral 
gas,  and  the  description  of  the  fluid  is  further  complicated  by 

the  dependence  of  the  electrical  conductivity  on  both  the  cur- 

I 

I 

rent  and  the  thermodynamic  variables.  In  addition,  an  accurate 
model  must  account  for  such  effects  as  ionization  instabilities 
(electrothermal  waves) , finite  ionization  and  recombination 
kinetics,  and  Hall  currents  arising  from  finite  segmentation  of 
electrodes . 

A theory  of  the  nonequilibrium  MHD  generator  including 

all  of  these  phenomena  has  been  developed  by  Solbes.  ^5) 

(29)  (16) 

Parma ' ' and  Cole'  ' have  used  this  theory  to  analyze  the 

results  of  nonequilibrium  MHD  experiments  conducted  at  MIT, 
in  particular  experiments  run  at  short  circuit.  (We  have  al- 
ready seen  that  short  circuit  is  the  optimum  loading  condition 
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for  an  MHD  laser.)  Their  numerical  computations  of  the  fluid 
properties  were  found  to  agree  quite  well  with  the  experi- 
mental measurements.  In  order  to  apply  this  model  to  the  flow 
in  an  MHD  laser  it  will  be  necessary  to  extend  it  to  include 
the  effects  of  CC>2  vibrational  excitation  and  relaxation. 

Since  the  molecules  exchange  energy  with  both  the  electrons 
and  the  other  neutral  species,  these  processes  introduce  a 
further  degree  of  coupling  between  the  electron  kinetics  and 
the  fluid  mechanics. 

As  an  overview  of  what  follows.  Figure  4 illustrates  the 
interrelationship  of  the  various  physical  properties  of  the 
plasma.  Besides  the  already  discussed  link  between  the  heavy 
particles  and  the  electrons,  we  should  note  the  energy  trans- 
fer channel  between  the  electrons  and  the  C02  vibrational 
levels,  the  channels  between  the  vibrational  levels  themselves, 
and  the  channel  between  the  vibrational  levels  and  heavy  parti- 
cle translation.  Through  these  transfer  mechanisms  the  elect- 
rons lose  a large  fraction  of  their  energy  to  the  asymmetric 
stretch  and  bending  modes.  Also,  after  an  excited  molecule 
emits  a photon  it  returns  to  the  ground  state  through  colli- 
sions with  helium  atoms.  The  energy  transferred  to  the  trans- 
lational modes  serves  to  heat  the  gas. 

In  addition  to  these  coupling  effects  a number  of  other 
physical  phenomena  should  be  considered  before  the  flow  model 
is  presented.  As  described  in  Section  l.B  the  chemical  re- 
action between  Cs  and  C02  has  proved  to  be  an  important  factor 
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in  several  experimental  MHD  laser  feasibility  studies  per- 
formed to  date.  The  analytical  studies  have  ignored  this  re- 
action and  further  narrowed  their  scope  to  consideration  of 
inviscid  MHD  flows.  We  shall  do  the  same  in  the  present 
formulation,  but  let  us  first  attempt  to  justify  why  it  is 
appropriate  to  model  the  laser  flow  in  this  way. 

The  residence  time  of  an  element  of  fluid  in  the  laser 
cavity  is  given  by 


XRES 


lcav 

U 


where  LCAV  is  the  length  of  the  cavity  in  the  x direction  and 
U is  the  flow  velocity.  For  LCAV  = 1 m and  U = 4000  m/sec 
T res  '*"S  milliseconds.  In  order  for  the  chemical  reaction 

between  Cs  and  C02  to  be  important  the  characteristic  time 
scale  on  which  it  occurs  must  be  considerably  less  than  TREg. 
Because  the  reaction  mechanism  is  unknown,  calculation  of  the 
characteristic  reaction  time  using  known  reaction  rates  is  not 
possible.  However,  experimental  evidence  indicates  that  the 
phenomenon  is  more  likely  to  be  a problem  in  small  scale  feasi- 
bility experiments  with  slow-moving  gases  than  in  full  scale 
MHD  lasers. 

Zauderer,  et  al.,^*^  indicates  that  positive  gain  can  be 
produced  if  the  CO^  mole  fraction  is  kept  well  above  the  Cs 
mole  fraction,  allowing  most  of  the  CO^  to  remain  unreacted. 

The  Russian  investigation  demonstrated  power  extraction  from 
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led  to  a reduction  of  the  free  cesium  concentration  by  an  order 

-5  -4 

of  magnitude,  i.e.,  nCs/njje  = 10  - 10  Results  from  Sharma ' s 


pulsed  gas-handling  system,  designed  to  minimize  the  Cs-CC>2  re- 

112) 

action,  confirm  these  findings. 

In  the  present  study,  attention  is  directed  at  a realistic 
MHD  laser  configuration  consisting  of  a supersonic  nozzle  and 
channel.  On  the  basis  of  conclusions  drawn  from  the  experi- 
mental studies  we  shall  assume  here  that  the  chemical  reaction 

is  confined  to  the  mixing  plenum  upstream  of  the  nozzle  throat 

-6  -4 

and  that  after  the  reaction  10  < xCs  < 10  as  in  the  Russian 

experiment.  Then  products  of  the  reaction  will  be  so  few  as 
to  be  of  no  consequence  to  the  flow  processes  in  the  nozzle 
and  channel.  We  shall  not  consider  the  Cs-CC>2  reaction  any 
further  in  this  work. 

One  of  the  features  of  a well-designed  MHD  channel  is 
a Reynolds  number  large  enough  that  frictional  and  heat  trans- 
fer losses  associated  with  the  fluid  flow  are  small.  The 
ratio  of  length  to  hydraulic  diameter  for  MHD  generators  is 
approximately  10,  whereas  the  L/D  required  for  a fully  devel- 
oped boundary  layer  is  in  the  range  50-100.  Under  such  condi- 
tions the  momentum  and  energy  losses  are  confined  to  a thin 
area  near  the  wall.  The  flow  in  the  core  of  the  channel  is 
affected  only  by  the  reduction  in  effective  cross-sectional 
area  due  to  the  growth  of  the  boundary  layer  displacement 
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thickness.  (This  feature  is  shared  in  common  with  the  flows  in 
high  speed  gasdynamic  lasers.  The  supersonic  nozzle  in  these 
devices  in  usually  contoured  to  offset  the  boundary  layer 
growth. ) 

Both  the  Russian  study  (Ref.  11)  and  the  UARL  investiga- 
tion (Ref.  6-8)  indicate  that  the  major  boundary  layer  effect 
in  the  MHD  laser  is  also  displacement  thickness  growth.  Since 
the  wall  divergence  half  angle  is  usually  small  (<1°),  the  flow 
can  be  accurately  modeled  as  a quasi-one  dimensional  inviscid 
core  flow  with  a two  dimensional  displacement  boundary  layer. 
This  is  the  approach  used  by  Cole  in  his  numerical  treatment 
of  nonequilibrium  MHD  generator  performance.  A more  accu- 

rate analysis  would  of  course  entail  a complicated  boundary 
layer  calculation  involving  turbulent  flow,  large  heat  trans- 
fer, compressibility,  and  MHD  effects.  However,  this  goes 
beyond  the  purpose  of  the  present  work,  which  is  to  determine 
which  of  several  key  physical  processes  set  the  limits  on  MHD 
laser  performance  and  which  set  of  operating  conditions  leads 
to  optimum  output  characteristics.  The  effects  of  the  bound- 
ary layer  are  henceforth  assumed  to  be  confined  to  displace- 
ment thickness  growth.  In  accordance  with  the  result  obtain- 
( 29 ) 

ed  by  Parma  we  shall  assume  that  the  displacement  boundary 

layer  grows  linearly  with  x.  The  core  flow  is  then  effectively 
bounded  not  by  the  original  inviscid  contour,  but  by  the  inner 
surface  of  an  annulus  formed  by  the  boundary  layer. 
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We  now  proceed  to  develop  a set  of  equations  for  the  core  flow 
assuming : 

(a)  the  MHD  approximations  of  charge  neutrality  and  negli- 
gible induced  magnetic  field  (small  magnetic  Reynolds 
number)  are  valid 

(b)  the  flow  is  one-dimensional,  steady,  inviscid,  and 
non-heat-conducting 

(c)  gasdynamic  properties  are  uniform  over  a channel 
cross  section 

(d)  transverse  pressure  gradients  due  to  axial  Hall  cur- 
rent flow  are  insignificant. 

(e)  the  electron  Hall  parameter  is  low  enough  (less  than 
10)  that  ion  slip  can  be  ignored. 

3.2  Gasdynamic  Equations 

The  evolution  of  the  core  flow  is  described  by  four  funda- 
mental equations:  the  continuity  equation,  the  axial  momentum 
equation,  the  energy  equation,  and  the  equation  of  state. 

These  equations  are  derived  in  detail  in  any  standard  fluid 
mechanics  text  such  as  Reference  30.  For  the  inviscid  core 
flow  in  an  MHD  channel  they  take  the  following  forms: 

STATE 

p = nkT  (3-1) 


CONTINUITY 


m 


o U A_ 
00  00  D 


(3-2) 
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MOMENTUM 


P U 

oo  oo 


du  » 

oo  d£ 
"djT  + dx 


J B 

y 


(3-3) 


ENERGY 

dT 

P~  U=o  Cp  ~55T  " 0 <3~4> 

Here  and  refer  to  the  density  and  velocity  of  the  core 
flow  while  Ap  represents  the  effective  cross  section  of  the 
core  region  (total  area  minus  area  of  the  annulus  formed  by 
the  boundary  layer) . Q is  the  volumetric  energy  addition  to 
the  gas. 

In  terms  of  the  Mach  number  and  the  stagnation  pressure 
and  temperature  we  can  write  the  continuity  equation  as 

4.  — * 2 y v 

m = ad  po  (y-1)RT0  (1+V) (y+1)/(y-1)  (3_5) 

where  v = M2* 

By  the  definition  of  the  displacement  thickness. 

Ad  - A - P6d 

where 

A = actual  channel  cross  section 

P = channel  perimeter 

= boundary  layer  displacement  thickness 

In  accord  with  the  results  of  Refs.  16  and  29,  <$D  was  taken 

as  0.003x  for  these  calculations. 
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(From  this  point  on  we  shall  restrict  our  attention  to  the  core 
flow,  so  the  subscript  00  will  be  dropped  from  the  notation.) 


The  only  difference  between  the  equations  for  MHD  genera- 
tor flow  and  Eqs.  (3-1)  through  (3-4)  is  in  the  form  of  the 
right  hand  side  of  the  energy  equation.  In  a generator  Q is 
equal  to  the  rate  of  the  elastic  energy  loss  from  the  electrons 
to  the  gas  minus  the  mechanical  work  done  by  the  gas: 

1 m 

Q = I 6 if  k(Te  - T)  ne  ve  + Jy  UB 

1 m 

= T S f k(T  - T)  n - |J|  UB  (3-6) 

2 m e e e y 

When  CC>2  is  present  in  the  plasma  one  more  energy  gain  term  is 
added  to  this  equation,  corresponding  to  the  vibration- 
translation  (VT)  collisional  relaxation  process 


C02  (01' 0)  + He  C02  (00°0)  + He  + 667  cm 


Using  the  Landau-Teller  formulation  of  Eq.  (2-18)  we  may  write 
this  extra  t ^rm  as 


e2(T2)  - E2(T) 
t2REL 


(3-7) 


Then  the  complete  volumetric  energy  addition  term  for  the  MHD 
laser  becomes 


Q 


W " E2(T) 


T)  n v + 
e e 


T2REL 


jjy|UB  (3-8) 


Let  us  consider  for  a moment  the  effect  of  adding  the 
vibrational  relaxation  term  to  the  energy  equation.  The 
sign  of  this  term  is  always  positive  since  T£  ^ T.  It  is 
well  known  from  one-dimensional  gasdynamics  that  heat 
addition  tends  to  choke  a supersonic  flow,  driving  the  Mach 
number  toward  1 and  decreasing  the  stagnation  pressure. 

For  a subsonic  flow  the  Mach  number  will  likewise  be  driven 
toward  1,  and  the  stagnation  pressure  again  decreases.  Then 
during  intense  lasing,  if  the  lower  level  relaxation  rate 
is  rapid  enough  the  flow  may  come  close  to  choking  as  it 
moves  downstream. 

As  they  are  now  written  the  state  and  continuity 
equations  are  in  usable  form,  but  it  would  be  beneficial 
to  simplify  the  momentum  and  energy  equations.  It  is  con- 
venient to  define  now  the  generalized  load  factor  K.  The 
right  hand  side  of  the  energy  equation  may  be  thought  of 
as  a general  power  P;  similarly  the  right  hand  side  of  the 
momentum  equation  may  be  written  as  a generalized  force  F. 
Then  the  generalized  load  factor  is  defined  as 

K — JL 

K FU 

In  our  case  F = JyB  = - |Jy|B 
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and 


P = 


3 me 
j <5  -J-  k (T 
£ m e 


T)  n v 
e e 


e2(t2)  - E2(T) 


2REL 


- |Jy|UB 


so  the  load  factor  is 


K = 1 - 


m 


Pub  [!  6 if  k (T~  " T'>  n~v 


e e 


E2(t2)  ~ E,(T) 

+ — - £ ] 


' 2REL 


(3-9) 


With  this  definition  and  some  algebraic  manipulation  it  is 
easy  to  show  that  the  momentum  and  energy  equations  reduce 
to 


d(ln  Pq) 


dx 


= - l 


(3-10) 


d ( In  Tq ) 


dx 


Y-l 

Y np  1 


(3-11) 


where 


Jy^B  i + v (l  - K) 
P 1 + V 


interaction  parameter 


1 + v (1  - K) 
polytropic  efficiency 
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Eqs.  (3-1) , (3-5) , (3-10) , and  (3-11)  constitude  the  set  re- 

quired to  calculate  the  gasdynamic  variables. 

3.3  Plasma  Equations 

Because  of  the  coupling  provided  by  the  MHD  inter- 
action the  gasdynamic  equations  cannot  be  solved  without 
simultaneously  determining  the  electrical  properties  of  the 
gas.  In  the  regime  we  are  considering  (0  < 10)  the  electri- 
cal behavior  is  governed  primarily  by  the  electron  kinetics. 
The  three  equations  describing  the  electrons  in  the  plasma 
are  the  electron  continuity  (rate)  equation,  the  electron 
momentum  equation  (Ohm's  Law),  and  the  electron  energy 
equation.  It  is  known  that  if  the  Hall  parameter  exceeds  a 

critical  value,  the  plasma  becomes  unstable  and  electro- 

(32  33) 

thermal  waves  may  propagate  . These  result  in  spatial 

and  temporal  nonuniformities  in  ng  and  Tg  which  reduce  the 
values  of  0 and  the  conductivity  o.  We  shall  first  present 
the  equations  describing  the  plasma  in  their  local  form. 

Then  by  a quasilinear  averaging  technique  developed  by 
Solbes  we  can  account  for  these  reductions  by  calculating 
effective  values  0gff  and  for  the  bulk  plasma. 

The  local  continuity  equation  may  be  written 

TT  + V ' (ne^  = R ne[ne*2  “ ne2]  (3-12) 

This  states  that  the  rate  at  which  the  free  electron  pop- 
ulation changes  is  equal  to  the  difference  between  the  ioni- 
zation and  three-body  recombination  rates.  Here  ng  is  the 
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electron  number  density  and  R is  the  Hinnov-Hirschberg  three- 
body  recombination  coefficient,  given  by 


R = 2.29  x 10-34  (i^-) 

e 


(3-13) 


(34) 

in  MKS  units.  (It  is  assumed  here  that  only  electrons 

are  improtant  as  the  stabilizing  body  in  the  recombination 

process.)  The  ionization  coefficient  is  evaluated  by  the 

principle  of  detailed  balancing  when  equilibrium  exists  be- 

2 

tween  the  free  and  bound  electrons.  It  is  given  by  Rn*  , 
where 


, 2irm  kT  3/2  eV. 

ng  = n (1-a)  ( “)  exP{-  JPT]  (3"14) 

n e 

n*  is  the  electron  density  that  would  exist  if  the  electron 
population  were  in  Saha  equilibrium  at  the  electron  tempera- 
ture . 

Eq.  (3-12)  assumes  that  the  only  collisional  processes 
of  importance  are  electron  impact  ionization  of  cesium  and 
three-body  electron  recombination.  However,  we  saw  in 
Section  l.A  that  previous  studies  of  the  MHD  laser  have  indi- 
cated that  quenching  collisions  between  CO 2 and  Cs  may  be  a 
crucial  factor.  We  also  saw  that  the  effects  of  these  colli- 
sions are  essentially  equivalent  to  those  resulting  from  the 
radiative  decay  of  excited  Cs  states.  McGregor,  Mitchner,  and 
Shaw  have  calculated  an  effective  ionization  rate  for  cesium 
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Their  results  were 


when  radiation  escape  is  important. (35)  Their  results  were 
found  to  be  approximated  within  a factor  of  two  by  the  follow- 
ing empirical  relation: 


3ne 

TT  + V ‘ (neU) 


= n 


n n*  R 
e e 


i + isioii  ” lo5% 


- Rn 


(3-15) 


n 


5 JT 


where  eR  is  the  radiation  escape  parameter,  defined  such  that 

0 < eR  < 1. 

Mnatsakanyan ' s results  (3)  indicated  that  e_  could  be 

K 

modified  to  include  the  effects  of  molecular  quenching 
collisions.  This  effective  escape  parameter  is 


eR  + 1 


e = 


n . k . _ 

S U - exp  [- 

1_  A10 


n .k 


'01.  1 
k TVi 


-—-)]] 

e 


1 + Z_V^exp[- 


(3-16) 


• nT  „ 
j e e-Cs 


)] 


V] 


In  the  electron  temperature  range  encountered  in  an  MHD  laser 
this  reduces  to 


n 


CO. 


e = 


£R  + 


C02-Cs 


10 


(3-17) 


Here  A 


10 


Einstein  coefficient  for  62p1/2  * ^S\/2 
transition  of  Cs 
2.63  x 107  sec 
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kC02-Cs  ~ CC02-Cs  aC02-Cs 

arn  -re:  = quenching  cross  section  summed  over  all 
u2  vibrational  levels 

eR  will  be  small  in  a nonequilibrium  MHD  plasma  (0.01  or  less) 

nCQ  kco  -Cs 

so  that  for  typical  conditions,  e = 2__ 2 . This  is  the 

10 

quantity  that  goes  into  the  denominator  of  Eq.  (3-15)  in 
place  of  e . This  equation  is  used  in  the  studies  of  quench- 
ing  effects  described  in  Section  6.B.  In  the  remainder  of 
the  work,  however,  the  quenching  cross  section  is  assumed  to 
be  zero  so  that  Eq.  (3-12)  is  the  more  appropriate  version  to 
use . 

In  writing  the  Ohm's  law  we  include  the  Hall  effect  but 
neglect  ion  slip  and  electron  pressure  gradients: 


J + J x 0 = a(E  + U x B) 


The  Hall  parameter  B and  conductivity  a are  given  by 


(3-18) 


3 = 


eB 


a = 


m v 
e e 


2 

e n 


m v 
e e 


(3-19) 


(3-20) 


The  Lin-Resler-Kantrowitz  mixing  rule^^  gives  an  accurate 
expression  for  the  electron  collision  frequency  vg : 
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v = Zv 


8k  T 

v.  = ci  n.  Q.  (T  ) 

1 1 it  in  lie 


(3-21) 


The  summation  is  taken  over  gas  atoms,  seed  atoms,  and  ions. 

In  this  generalized  expression  for  the  collision  frequency 
is  the  Maxwell -averaged  momentum  transfer  cross  section 
while  depends  on  the  force  law  and  energy  for  the  encounter. 

-3 

For  Cs  mole  fractions  below  10  and  C02  fractions  less  than 
0.1  the  electron-helium  collisions  dominate  neutral  gas  mo- 
mentum transfer,  so  electron-C02  collisions  can  be  ignored 
in  Ohm's  law.  At  Tg  = 2500°K  the  appropriate  factors  in 

Eq.  (3-18)  are:  Q„  = 6.25  x 10-20  m2 , = 3tt/8  ; 

rie  h© 

QCs  = 2.2  x 10-18  m2,  CCs  - 3tt/8,  Q+  = (9ir2/16)  dQ2  In  A, 

C+  = 1/0.582. 

Here  dQ  = Landau  impact  parameter 

= e2/(12ire  kT  ) 
o e 

and  A = ratio  of  Debye  length  to  dQ 


kT~ 
o e 


e n_ 


Finally,  the  energy  equation  for  electrons  is: 
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r 


ST  [ne(eVt  + ? kTen  + 7 ‘ [ne(eVi  + 1 kVV 


+ n kT  V • V 
e e e 


2 m -j 

Hr  “ 6 -=r  7 k(To  " T)  " v 

0 m z e e e 


E3 (Te)  ' E3(t3)  E2(Te)  “ E2(T2) 


3e 


2e 


(3-22) 


In  writing  this  we  have  neglected  heat  conduction  and  radia- 
tion losses  (a  justifiable  assumption  when  helium  is  the  buffer 
gas)  and  the  energy  stored  in  the  excited  electronic  states 

of  the  seed  (justifiable  for  an  alkali  metal  vapor) . This 
equation  differs  from  the  one  for  an  MHD  generator  plasma  in 
that  we  have  included  on  the  right  hand  side  the  loss  of 
energy  by  electrons  to  Modes  2 and  3 of  the  C02  molecule.  One 
might  argue  that  these  two  terms  ought  to  be  included  in  the 

elastic  energy  loss  rate,  using  experimentally  determined 

( 37 ) 

values  of  6 for  CC>2 . Craggs  and  Massey  have  summarized 

the  results  of  many  experimental  investigations  and  give 

tabulated  data  for  the  elastic  loss  parameters  for  many  gases; 

for  C02  in  the  range  of  electron  temperatures  of  interest  to 

us  <5  is  approximately  2500. 

(38) 

However,  Draper  has  pointed  out  that  most  of  this 

data  comes  from  electron  swarm  experiments  in  ground  state 
CC>2  and  is  not  representative  of  a gas  which  has  undergone 
significant  vibrational  excitation.  That  is  6 actually  depends 
on  the  internal  state  of  the  CC>2  molecule  rather  than  on  the 
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in  the  electron  energy  loss  rates  if  we  use  the  existing 
data  for  6 . For  this  reason  we  have  employed  the  Landau- 
Teller  formulation,  which  explicity  states  the  dependence  of 
the  energy  transfer  rates  on  the  degree  of  vibrational  ex- 
citation. 

In  Eq.  (3-19)  Ve  is  the  electron  velocity  measured  in 
the  laboratory  frame.  6 is  given  by 


v . 

5 = — E 2c:  — 

ve  i 1 mi 


(3-23) 


where  again  the  summation  is  over  helium  atoms,  cesium  atoms, 
and  cesium  ions.-  m is  the  average  atomic  mass  of  the  plasma; 
m^  is  the  atomic  mass  of  species  i;  and  is  a constant  which 
depends  on  the  force  law  for  the  encounter: 


C T = 1 for  Maxwellian  encounter 

4 8 

= j jjf  for  hard  spheres 

= 1.97  for  Coulomb  collisions 

The  electron-neutral  collisions  in  an  MHD  laser  plasma  are 
modeled  as  hard  sphere  encounters. 

By  making  use  of  V • J = 0 and  defining 


(3-24) 


67 


we  can  simplify  the  lefthand  side  of  the  energy  equation: 


».  <v>>  ♦ I £ 

e 1 


nQ  V • V 
e e 


t * ni  i 

5 4 k (T  - T)  n v 

a m 2 e e e 


E3(Te)  - E3(T3)  E2(Te)  - E2(T2) 


3e 


2e 


(3-25) 


For  Te  = 3000°K  Eq.  (3-24)  gives  x i = 16.5.  Then  the  first 

1 2 

term  m the  brackets  is  typically  j xi  (~  1Q0)  times  larger 
than  the  second  term  (except  near  full  ionization  of  the  seed) 
and  x^  (~  20)  times  larger  than  the  third  term.  This  allows 
us  to  neglect  the  second  and  third  terms  of  Eq.  (3-25) , giving 


3 n 

kTe  *i  ‘TT  + 7 • < V>  1 


T 2 m , 

- 6 — 4 k (T  - T)  n v 
a m 2 e e e 


E3(Te)  - E3(T)  E2  (Te)  “ E2(T2) 


3e 


2e 


(3-26) 


Eqs.  (3-12),  (3-18),  and  (3-26)  together  describe  the  local 

electrical  behavior  of  the  MHD  laser  plasma.  In  order  to  apply 

these  equations  to  the  description  of  the  plasma  flow  through 

a channel,  it  is  necessary  to  develop  averaged  versions  to 

account  for  the  nonuniformities  in  n and  T that  are  caused 

e e 


by  electrothermal  waves.  We  characterize  these  spatial  and 
temporal  variations  in  the  plasma  properties  by  writing  ng 
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and  n*  as  the  sum  of  an  average  term  plus  a small  perturba- 


tion : 


ne  = <ne>  (1  + n) 


ne  = ^ + n*) 


(3-27) 


The  average  is  performed  over  the  channel  cross  section  and 
time.  To  determine  these  new  parameters  it  is  necessary  to 
average  the  three  plasma  equations,  a procedure  which  pro- 
duces equations  for  <ne>  and  <n*>. 

CONTINUITY 


3 n _ 

<^~T>  + <7  • (n  U)  > = <Rn  (n*2  - n 2) 

o t e e e e 


(3-28) 


OHM'S  LAW 


<J>  + <J  x g>  = <a(E  + UxB)> 


ENERGY 


<kTg  xi  + 7 • (nQU)  ] > 


<±L> 


(3-29) 


<6  g-  k(T  - T)  n v > 
m2  e e e 


E3(Te)  - E3(T3) 
T3e 


. ,E3(Te>  - E21T2>. 


(3-30) 


Let  us  first  consider  the  continuity  equation  in  more 

detail.  If  the  laser  operates  at  steady  state  conditions, 

3 n 

<-£-£->  = 0.  Then  by  applying  the  divergence  theorem,  one  can 


show  that 


<V  • (nQU)> 


~ ( <n  > UA_) 

A_  dx  e D 


Substituting  Eq.  (3-27)  for  ng  and  n*  into  the  right  hand 

side  of  the  continuity  equation,  averaging,  and  ignoring 

the  fluctuations  in  R relative  to  fluctuations  in  n n*  and 

6 “ 

3 . 

ng  gives: 

3x  «V  UAD>  * <R>  <ne>  t<ne>2  (1  + <,'*2> 


+ 2 <nn*>)  - <n  >2  (1  + 3 <n2>)] 


(3-31) 


Solbes  showed'  that  Ohm's  law  can  be  averaged  by 
defining  effective  values  for  the  conductivity  and  Hall 
parameter  such  that 


<J>  + <J>  x Sfiff  = o ff  [<E>  + U x B]  (3-32) 


This  can  be  rewritten  as 


<j  > = 

y 


- °e££  UB  (1  - KJ 


1 + Beff  8a, 

1 + 6 !« 


(3-33) 


1 


where  Km  is  the  average  load  factor  for  the  core  flow  region 
(not  to  be  confused  with  the  generalized  load  factor  intro- 
duced by  Eq.  (3-9)  into  the  gasdynamic  momentum  and  energy 
equations) : 


<ejl 

UB 


(3-34) 


S,__  is  the  apparent  Hall  parameter  which  is  a measure  of  the 
app 

success  of  the  electrode  segmentation  in  preventing  inter- 
electrode current  leakage.  It  is  defined  by 


<E  > 

x 


app 


UB  (1  - K ) 


(3-35) 


Thus  a high  value  of  3 indicates  that  a large  axial  Hall 

“rr 

field  has  built  up  between  the  electrodes.  The  evaluation 
of  Bapp  requires  a knowledge  of  the  electrode  geometry.  In 
this  analysis  we  shall  use  a modified  version  of  the  techni- 
que developed  by  Cole^*^  for  calculating  0 

The  effective  values  of  a and  0 depend  on  the  micro- 
scopic average  conductivity  and  Hall  parameter  and  on  the 
distribution  of  the  fluctuations  in  ng  and  n*.  If  we  assume 
the  nonuniformities  have  a plane  wave  structure  (a  reasonably 
good  assumption;  see  Ref.  33)  we  obtain 


eff 

<o> 


= S 


(3-36) 


3 


eff 


<B>  S + t(l  - S) 


(3-37) 


where  t is  the  tangent  of  the  angle  between  the  average  cur- 
rent and  the  wave  propagation  vector.  The  growth  rate  of  the 
nonuniformities  is  maximum  in  the  direction  corresponding  to 


(3-38) 


Here  r and  r*  provide  a measyire  of  the  dependence  of  the 
collision  frequency  on  ng  and  Tg : 


r = 


9 In  v 
c 

3 In  n 


v+  1 
v v 2 ln(A ) 


(3-39) 


•*  = 


3 In  v 
e 

3 In  n* 
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1 VHe  + VCs 


2 -a 


'+  3 2-a 


(l-u)x, 


ve  2 (l-a)x^ 


(3-40) 


For  <8>  greater  than  the  expression  for  S is 


(1  - r - r*)2  + 8 


S = [- 


2 

crit 


1/2 


(1 


- r - r*) 2 + < 


8>‘ 


(3-41) 


8cr^t  is  the  critical  Hall  parameter  for  the  development  of 
ionization  instabilities.  In  the  limit  of  low  CC^  concentra- 
tion it  will  be  unaffected  by  the  presence  of  molecules. 

For  helium  seeded  with  cesium  it  can  be  shown  to  be 


6 


crit 


- 3T  - T . -j  1/2 

+ 2(Te  - tT  5T-  - (1  - r - r*}  ] (3-42) 

e r 


The  average  values  of  a and  8 over  the  local  cross  section 


72 


are  given  by 


<o>  = o K>  [1  + <(rn  + r*n*)  (rn  + r*n*  - n ) > J (3-43) 


<8>  = 3<;>  [1  + <(rn  + r*n*)2>] 


(3-44) 


where  a <;>  and  8<:>  are  a and  8 evaluated  at  the  average  Ta  and 


<> 


n . 
e 

Let  us  turn  now  to  the  averaged  electron  energy  equa- 
tion. The  left  hand  side  of  Eq.  (3-26)  reduces  to 
kTe  xi  ]£-  ^ (<ne>  for  steady  flow.  Combination  of 

Eqs . (3-32)  to  (3-35)  allows  us  to  evaluate  the  average  Joule 

heating  term,  which  is 


<J  /o>  = <J  • E"> 


2 2 2 
a tTBz  (1  - K ) 
eff  » 


1 + 8 


a££ 


1 + 8 


(3-45) 


eff 


Fluctuations  in  the  elastic  loss  term  result  from  fluctuations 


in  ng,  6,  Tg,  and  vq.  For  a hel ' um-cesium  combination  the 
elastic  losses  to  the  seed  are  negligible  so  that  6vg  varies 


as  vT,  , or  as  T 
He  e 


1/2 


Then 


m 


<6  — i k(T  - T)  n v > 
m2  e e e 


& y % 3 k 

<>  <>  m 2 

e 
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1/2 

<T  (T  - T)  n > 

e e e 


(3-46) 
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where  v is  v evaluated  at  the  average  T and  <5  ^ is  6 
calculated  with  v<>;^.  By  using  the  differential  form  of  the 
Saha  equation  one  can  show  that 


<T  1//2  (T  - T)  > 
e 0 


= <T 


>1/2 


3T  - T 


<T  - T>  (1  + 


2 -a 


2T  - 


T (l-a)x^ 


n*) 


(3-47) 

Then  if  we  retain  the  largest  second  order  terms,  we  may  write 
Eq.  (3-46)  as 


m 

<5—4  k (T  - T)  n v > 
m 2 e e e 


r.  m ^ 

°<>  V<>  — 4 k ( <T  > - T)  <<n  > 

m 2 e e 
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m , 
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<>  m 2 e e <> 
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6 .>  4 k ( <T  > - T)  <n  > v 

<>  m 2 e e <> 


(1  + e<nn*>) 


(3-48) 


where  we  have  defined  the  parameter  e as 


3 <T  > - T - 
_ e 2-ct 

2 (<Te>  - T)  (l-a)xi 


(3-49) 
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r 


For  small  fluctuations  in  the  vibrational  temperature,  the 
function  E^(Tj)  is  averaged  as 


hv . n^„ 
i C0_ 

<E  . (T  . ) > = < - 2 

1 3 exp  (hv^/kTj ) - 1 

hv . n 

l co2 

exp  (hv^/k<l\  >)  - l 


Similarly  the  excitation  times  are  averaged  by  evaluating 

T2e  and  T3e  at  the  ave^age  electron  temperature.  Finally,  the 
averaged  electron  energy  equation  becomes 
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(3-50) 


Hereafter  the  average  symbols  on  n and  T will  be 
omitted.  ng  and  Tg  should  be  taken  to  mean  the  average 
values  of  the  electron  density  and  temperature.  Unless  stated 
otherwise,  all  functions  of  ng  and  will  be  evaluated  at 
these  average  values. 
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The  electron  energy  equation  may  be  rewritten  in  the  form 
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where  T is  the  average  electron  temperature  that  would  be 

CO 

experienced  if  the  average  Joule  heating  were  balanced  by  the 
elastic  and  inelastic  losses.  It  is  defined  by 
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The  difference  between  T and  T is  due  to  the  finite  rate 

e e 

00 

of  ionization  growth. 

In  a flowing  plasma  this  growth  rate  may  be  characteri- 
zed by  the  length  scale  over  which  it  occurs.  Ionization 
by  electron  impact  requires  both  electrons  and  energy.  When 
electrons  are  relatively  scarce  (at  low  electron  temperatures) , 
the  rate  at  which  ng  grows  is  limited  by  rate  kinetics.  At 
higher  temperatues  electrons  are  more  plentiful  and  the  growth 
rate  is  energy  limited.  Thus  there  are  two  length  scales 
which  determine  the  growth  of  the  ionization.  These  are 
obtained  by  writing  the  continuity  and  energy  equations  as 


follows : 
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ENERGY 


(3-54) 


Then  LRATE  and  LENERGY  are  defined  by 


RATE 
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To  completely  specify  the  problem  it  is  necessary  to  deter- 
mine the  fluctuation  parameters  n and  n*.  Relations  for 
these  quantities  can  be  obtained  by  subtracting  the  averaged 
electron  continuity  and  energy  equations  from  the  local  ver- 
sions. The  continuity  equations  give 
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From  the  energy  equations  we  have 
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where 
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By  equating  the  right  hand  sides  of  Eqs.  (3-57)  and  (3-58)  we 
obtain  a relation  between  n and  n* : 

2 

.n 

r + r*  + x'  — V 


r*  + x- 


(3-62) 


This  direct  relationship  indicates  that  the  fluctuations  in 


ne  and  n*  are  in  phase.  Then  we  may  write  the  averages  of  the 

2 

products  nn*  and  n*  as 


and 
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= <p<n2> 

„ *2.  2 
<n*  > = <n  > 

. 2 

The  only  variable  still  undefined  is  <n  >.  We  can  derive 
an  expression  for  it  by  first  multiplying  the  continuity 
equation  by  n»  then  averaging: 
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The  parameter  X'  introduced  by  Eq.  (3-59)  involves  the 

ratio  Lenergy^RATE  ' thus  sarves  as  a measure  of  the  speed 
of  the  kinetics.  When  A^  is  small  the  electron  number  den- 
sity is  low  and  the  rate  at  which  ionization  instabilities 
develop  is  limited  by  the  ionization  kinetics.  For  large  X' , 
the  growth  rate  is  energy  limited  and  the  nonuniformities 
rapidly  reach  a fully  developed  asymptotic  state  such  that 

j 2 

<n  > is  approximately  0.  The  conductivity  and  effective 
Hall  parameter  also  approach  asymptotic  values. 

Eqs . (2-17),  (2-18),  (2-19),  (3-10),  (3-53),  and  (3-63) 

constitute  a self-consistent  set  of  seven  coupled  first  order 
linear  differential  equations  which  determine  the  problem 
completely.  In  the  present  analysis  they  are  integrated 

numerically  by  a fourth-order  Runge-Kutta  method  with  step 
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size  control  to  assure  stability.  The  length  of  each  inte- 
gration step  is  restricted  so  that  the  function  with  the 
largest  derivative  changes  by  no  more  than  1%  across  the  in- 
terval. An  iterative  search  method  is  used  to  calculate 

B , T , and  <f>  from  Eqs.  (3-35),  (3-54),  and  (3-62).  (See 
app  e 

Ref.  16  for  details.)  When  the  gasdynamic  and  plasma 
variables  are  known  at  a given  value  of  x,  they  are  used  to 
compute  the  optical  intensity  I.  This  is  then  used  along 
with  the  other  variables  to  calculate  the  derivatives  for  the 
next  integration  step. 

During  the  initial  set  of  computations  it  was  noted  that 
the  set  of  equations  exhibited  "stiffness"  if  the  magnetic 
induction  and  electron  excitation  were  "turned  on"  after  the 
vibrational  temperatures  had  equilibrated  with  tne  static 
temperature  in  the  cavity.  In  this  case  the  large  difference 
between  Tg  and  the  vibrational  temperatures  produces  large 
derivatives  in  Eqs.  (2-13),  (2-14),  (2-18),  and  (2-19).  A 

simple  solution  is  to  initiate  the  channel  and  magnetic  field 
closer  to  the  nozzle  throat,  where  these  temperature  differ- 
ences are  considerably  smaller.  This  represents  a wiser 
design  choice  from  a thermodynamic  standpoint,  because  the 
entropy  produced  by  the  relaxation  of  the  vibrational  energy 
modes  is  less  than  in  the  former  case. 


IV.  EXCITATION  AND  RELAXATION  PROCESSES 


r 


4.1  Hierarchy  of  Reaction  Rates 

In  principle  a large  number  of  energy  transfer  processes 
are  possible  in  an  electrically  excited  CO2  laser.  The  optic- 
ally active  species  gains  energy  as  a result  of  electron- 
neutral  interactions  and  loses  energy  through  the  stimulated 
emission  process.  In  addition  the  molecules  in  the  laser  cavi- 
ty can  gain  or  lose  energy  through  three  other  mechanisms : 

(1)  spontaneous  emission,  (2)  diffusion  of  species  members 
out  of  the  region  of  optical  interaction,  and  (3)  collisional 
transfer.  Fortunately  many  of  these  processes  have  a very  low 
or  a very  high  probability  of  occurrence,  allowing  us  to  set 
their  rates  either  to  zero  or  infinity  (depending  upon  whether  . 
the  process  in  question  is  orders  of  magnitude  slower  or  faster 
than  the  rate  of  flow  through  the  laser  cavity) . An  infinite 
rate  corresponds  to  a very  fast  reaction  which  produces  equili- 
brium between  the  reacting  components. 

It  has  been  demonstrated  experimentally  and  theoretically 
that  the  spontaneous  emission  rates  for  C02  vibrational- 
rotational  transitions  are  slow  in  comparison  with  typical 
| collisional  relaxation  rates.  Representative 

times  for  collisional  deactivation  are  on  the  order  of  micro- 
seconds. In  contrast,  the  fastest  measured  spontaneous  emission 
time  for  an  isolated  C02  molecule  is  about  5 milliseconds.  If 
resonant  radiation  trapping  is  important,  this  time  can  increase 
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by  orders  of  magnitude.  So  spontaneous  emission  is  negligible 
compared  to  cr.  llisional  energy  transfer.  It  is  also  small  in 
comparison  with  electron  excitation,  which  occurs  on  a time 
scale  between  1 and  10  microseconds. 

The  diffusion  of  excited  molecules  from  the  active  region 
before  they  can  lase  has  similarly  been  shown  to  be  unimportant 
in  CO2  lasers.  In  a typical  gas  mixture  at  1 atmosphere,  a CO 2 
molecule  diffusing  by  a random  walk  process  will  travel  less 
than  10  microns  in  1 microsecond.  This  is  much  smaller  than 

the  size  of  the  active  region,  which  is  on  the  order  of  0.1-1 
meter . 

Thus  the  only  mechanisms  we  need  examine  in  detail  are 
electron  excitation  and  collisional  relaxation.  We  saw  in 
Section  2A  that  in  the  electron  temperature  range  3000-5000°K 
two  excitation  processes  are  important.  Excitation  of  the  upper 
laser  level,  C02  (00°1) , is  favored  and  occurs  on  a time  scale 
of  1 microsecond.  Excitation  of  the  lower  level  can  be 
important  if  electron  number  densities  are  very  high;  for 
n /n„  < 10  ^ , however,  this  process  has  a characteristic 

0 ri0 

time  of  about  10  microseconds. 

A number  of  energy  transfer  processes  are  effected  through 
intermolecular  collisions;  their  rates  vary  over  several  orders 
of  magnitude.  The  fastest  rate  is  the  kinetic  collision 
frequency,  which  is  the  average  number  of  times  a C02  molecule 
encounters  another  particle  per  second.  This  rate  is  proportion- 
al to  the  number  density  of  particles  in  the  gas,  to  the  col- 


lision  cross  section  for  the  encounter,  and  to  the  relative 
velocity  of  the  collision  partners. 


TOT 


I 

j 


(4-1) 


where  the  summation  is  over  all  neutral  species.  We  can  also 

define  kTOT  as  the  kinetic  collision  rate  per  torr  pressure. 

For  the  99%  He  - 1%  C02  mixture  typical  of  an  MHD  laser,  this 

has  the  value  1.5  x 107  torr  ^ sec  in  Table  I it  is  compared 

(43) 

with  other  rates  of  interest. 

Since  all  energy  transfer  processes  under  consideration 

at  this  point  depend  on  collisions,  they  must  occur  at  rates 

less  than  the  kinetic  collision  rate.  Rotational  relaxation 

by  rotation-rotation  (RR)  or  translation-rotation  (TR)  exchange 

has  been  found  to  occur  very  rapidly  in  C02 . In  a pure  CC>2 

gas  a Boltzmann  equilibrium  in  the  rotational  degrees  of  freedom 

(44  451 

is  established  with  the  rate'  ' '. 

kR0T  ~ 0.5  - 1.0  x 107  torr  ^ sec  ^ (4-2) 

This  is  about  one  quarter  to  one  half  the  kinetic  collision 
rate,  which  means  that  from  two  to  four  collisions  are  required 
(on  the  average)  to  bring  about  equilibration  of  the  rotational 
modes  with  the  translational  modes. 

Intramode  vibration-vibration  (INTRA  W)  is  generally 
assumed  to  be  very  rapid,  leading  to  a Boltzmann  distribution 
of  energy  level  populations  within  each  vibrational  mode  of  the 
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CO2  molecule.  We  shall  see  that  in  the  case  of  the  bending  mode 
( BM)  this  assumption  is  open  to  serious  question  for  the  low 

CC>2  concentration  characteristic  of  an  MHD  laser.  For  W trans- 
fer within  the  asymmetric  stretch  mode  (ASM)  Stark  has  reported 
the  rate(46) 


ASM 

INTRA  W 


* 10^  torr  sec  ^ 


(4-3) 


which  is  about  one-fourth  the  kinetic  collision  rate. 

Intermode  vibration-vibration  (INTER  W)  involves  the 
transfer  of  vibrational  energy  quanta  from  one  mode  to  another. 
Processes  of  this  type  are  of  the  utmost  importance  in  determin- 
ing the  workability  of  the  C02  molecular  gas  laser,  and  for  re- 
liable calculations  it  is  essential  to  have  accurate  values  of 
the  rates  involved.  To  this  end  these  processes  have  undergone 
intensive  investigation  with  varying  degrees  of  success. 

In  order  for  a C02  laser  to  operate,  the  collisional 
relaxation  rate  of  the  upper  laser  level  (the  00° 1 level  of 
the  ASM)  must  be  considerably  slower  than  that  of  the  lower 
laser  level  (either  the  10°0  level  of  the  SSM  or  the  02°0  level 
of  the  BM) . Otherwise  during  continuous  lasing  the  lower  laser 
level  population  will  grow  until  the  population  inversion  dis- 
appears. The  00°1  rates  have  been  found  to  be  extremely  slow. 
(References  47,  48)  At  a temperature  of  350°K  they  are: 

(-'l^2  - 1 - 1 

k^  ~ 360  torr  sec  (4-4) 


for  the  W process 
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C02  (00°1)  + C02  (00°0)  z C02  (03°0)  + C02  (00°0) 


(4-5) 


and 


90 


torr 


-1 


-1 

sec 


(4-6) 


for  the  process 

C02  (00°1)  + He  1 C02  (03°0)  + He  + 416  cm"1  (4-7) 


This  last  reaction  mechanism. is  an  example  of  the  final  type  of 
transfer  process  that  we  need  to  consider,  namely  the  vibration- 
translation  (VT)  process.  Encounters  of  this  type  result  in 
the  transfer  of  energy  between  the  quantized  levels  of  the  C02 
vibrational  modes  and  the  translational-rotational  modes  of  the 
neutral  gas  particles  (mainly  helium) . 

Because  of  confusion  over  the  basic  mechanism  of  lower 
laser  level  relaxation  the  rate  for  this  process  is  far  from 
certain.  Since  1966  at  least  ten  experiments  have  been  performed 
to  investigate  this  mechanism,  but  there  is  not  yet  available  a 
universally  accepted  result.  Much  of  the  difficulty  arises 
from  the  fact  that  the  second  quantum  level  of  the  BM  is  doubly 
degenerate  and  coupled  to  the  10°0  level  of  the  SSM  by  Fermi 
resonance.  Experiments  to  determine  the  deactivation  rate 
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of  the  lower  laser  level  have  confused  the  10°0  - 02°0  transfer 
rate  with  the  overall  rate  of  relaxation  of  10°0  vibrational 
energy  to  the  translational  modes.  As  will  be  shown  in 
Section  4.C,  it  now  seems  clear  that  the  deactivation  of  the 
10°0  state  is  a multistep  process  with  several  sequential 
rates  involved.  Apparently  because  of  the  lack  of  an  inter- 
nal dipole  moment  in  the  SSM  vibration,  the  rate  of  direct  VT 
relaxation  of  the  10°0  level  is  negligible.  Instead  of  return- 
ing tc  the  ground  state  in  this  manner,  the  CC>2  (10 °0)  mole- 
cule mast  first  reach  the  01' 0 state.  Estimates  of  the  magni- 
tude of  the  rate  at  which  this  occurs  vary  over  several  orders 

(49) 

of  magnitude.  They  range  from  a low  value  of 

' 3-1-1 

k£B  ~ 1 x ioJ  torr  sec  (4-6a) 


to  a high  of 


(50) 


k_2  ~ 4.5  x 105  torr  1 sec  1 (4-6b) 

OD 

Collisions  between  CO 2 (10°0)  and  He  are  believed  to  play  al- 

(49) 

most  no  role  in  this  process.  Thus  the  rate  constants  have 

been  written  with  the  superscript  C09. 

Nevertheless,  a VT  process  involving  He  is  most  import- 
ant in  the  final  step  of  the  deactivation  of  the  lower  laser 


86 


| AD-A066  190 

UNCLASSIFIED 

MASSACHUSETTS  INST  C 
FUNDAMENTAL  MECHANIS 
DEC  76  J L KERREBRC 

>F  TECH 
►MS  OF  * 
>CK 

CAMBRIDGE  6A 
I0NE6UI LIBRIUM 

AFOSR-TI 

5 TURBINE  AND— ETC  F/G  20/5 

MHO  LASIN6  PHENOMENA. (U) 

F44620-76-C-0067 
*-79-0506  NL 

2 OF  5 

AO 

4068100 

■ 

— 

• ^ 

r 

M. | 

■ A 

'j 

various  energy 


Table  1.  Relaxation  rates  for 
transfer  processes. 


process 

torr-3-  sec-1 

atm  ^ sec~* 

^TOT 

1.5  x io7 

1.1  x 1010 

*ROT 

0.5  - 1.0  x io7 

3.8  - 7.6  x io 

ASM 

INTRA  W 

4 x io6 

3 x io9 

kC°2 

AB 

360 

2.7  x io5 

kHe 

*ab 

90 

6.8  x io4 

C02 

4.5  x io5  (RKJ) 

3.4  x io8 

kVT 

1.5  x io4  (BULTHUIS) 

1.1  x 107 

2.2  x io3  (MMK) 

1.7  x IQ6 
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level.  It  is  characterized  by  the  mechanism* 


C02  (01* 0)  + He  Z C02  (00°0)  + He  + 667  cm 


-1 


The  rate  for  this  process  is 


= 6 x 103  torr"1  sec"1 


For  the  case  where  C02  is  the  collision  partner  this  rate  is 
much  slower: ^51^ 


CO, 

kVT 


2 -1  -1 
6 x 10  torr  sec 


This  tenfold  difference  factor  is  the  principal  reason  why 
helium  addition  is  effective  in  raising  the  power  output 


capability  of  a C02  laser . 

4.2  Electron  Excitation  of  C02 

We  shall  now  examine  the  mechanism  by  which  the  vibra- 
tional modes  of  the  C02  molecule  are  excited  by  electrons  and 
the  rates  at  which  these  excitation  processes  occur.  The  rate 
at  which  exciting  collisions  occur  is  proportional  to  the  ex- 
citation cross  section,  the  relative  velocity  of  the  colliding 
particles,  and  the  number  density  of  molecules.  It  may  be 
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written  as 


'’ie(c>  * "co2  Qie(c)  c 

If  we  integrate  this  expression  over  all  velocities  (or  electron 
energies , the  molecule's  motion  being  negligible  by  comparison) 
we  obtain  the  total  rate  at  which  excitation  collisions  occur. 
This  integration  requires  a knowledge  of  the  electron  energy 
distribution  function. 

However,  collisions  with  electrons  can  also  lead  to  deexci- 
tation of  the  molecules  through  superelastic  collisions.  We 
therefore  need  to  define  a rate  constant  which  accounts  for  elec- 
tron collisions  of  both  the  first  and  second  kind.  This  rate 
constant  for  the  VTg  excitation  process  is  related  to  the  exci- 
tation rate  v^e  by  the  expression^ 

Kie  * vie  exp  (nv./kTe)  (1  - exp  (-hv^kTg) ) 

The  characteristic  excitation  times  which  appear  in  Eqs.  (2-18) , 
(2-19),  and  (3-22)  are  then  evaluated  as  functions  of  the  elec- 
tron number  density  and  the  rate  constant  according  to  the 
relation 


ne  Kie(Te> 
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In  order  to  calculate  accurately  the  rates  at  which  the 
C02  bending  and  asymmetric  stretch  modes  are  excited  by  elec- 
trons, one  must  have  precise  information  on  the  energy-dependent 
cross  sections  for  vibrational  excitation  and  on  the  electron 
energy  distribution  function.  Because  of  the  great  interest 
in  electrically  excited  C02  lasers  since  the  first  one  was 
introduced  in  1964,  extensive  studies  have  been  made  of  the 
physical  mechanisms  underlying  their  operation.  As  a result  of 
this  work  the  electron  excitation  cross  sections  for  the  CX>2 
vibrational  modes  are  known  in  great  detail.  Similarly,  the 
behavior  of  the  distribution  function  is  understood  quite  well 
at  the  present  time. 

Two  approaches  have  been  taken  in  the  determination  of 
the  cross  sections.  Hake  and  Phelps^ 18 ^ employed  an  indirect 
method  involving  the  calculation  of  the  electron  transport 
properties  in  the  plasma.  At  the  start  of  this  procedure  the 
vibrational  excitation  cross  sections  are  unknown,  so  initial 
guesses  must  be  provided.  The  transport  coefficients  are  com- 
puted using  a distribution  function  obtained  by  solving  the 
Boltzmann  equation.  These  coefficients  are  compared  with  ex- 
perimental values.  When  the  two  are  found  to  agree  within  a 
fraction  of  a percent  over  the  entire  range  of  electron  energy 
the  calculation  is  concluded.  Both  the  cross  sections  and  dis- 
tribution function  are  provided  by  this  bootstrap  procedure. 

(19) 

In  contrast  to  this  indirect  method,  Schulz  and  Boness 
made  direct  measurements  of  the  scattering  cross-sections  of 


low  energy  electrons  in  C02  using  high  energy-resolution 

electron  beam  techniques.  Their  results  support  the  essential 

features  of  the  cross  sections  reported  by  Hake  and  Phelps. 

For  excitation  of  the  C02  (01' 0)  level  the  cross  section  has 

—20  2 

a peak  value  of  about  2.7  x 10  m near  0.1  eV.  The  cross 

section  for  excitation  of  the  00°1  asymmetric  stretch  vibra- 

—20  2 

tion  reaches  a peak  value  of  about  1.5  x 10  m near  0.5  eV. 

The  symmetric  stretch  vibration  10 °0  does  not  reach  its  maxi- 
mum cross  section  until  around  4 eV,  where  it  has  a value  of 
about  2 x io"20  m2. 

Theoretical  investigations  of  these  results  indicate 
that  the  excitation  processes  for  low  energy  electrons  are 
different  than  for  electrons  with  energies  above  3 eV.  Below 
this  limit  the  excitation  processes  are  direct,  proceeding  by 
way  of  a dipole  interaction.  The  bending  and  asymmetric  stretch 
modes  have  optical  transition  dipole  moments;  thus  they  have  a 
much  stronger  interaction  with  electrons  than  the  symmetric 
stretch  mode  does.  This  implies  that  if  one  is  searching  for 
molecules  to  be  pumped  by  the  low-energy  electrons  in  an  MHD 
laser,  he  should  confine  his  attention  to  infrared-active  mole- 
cules. Diatomic  molecules  of  the  homonuclear  type  are  thus 
immediately  ruled  out,  since  they  have  no  internal  dipole 
moments  and  are  therefore  not  infrared  active.  (This  is  strictly 

(true  only  for  low  to  moderate  pressures.  Above  10  atmospheres 
pressure,  electric  dipole  moments  can  be  induced  in  homonuclear 
molecules  during  collisions,  allowing  radiative  transitions 
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(52 ) 

which  are  otherwise  forbidden.  ' However,  to  apply  this 


principal  to  the  construction  of  an  MHD  laser,  we  would  need 
magnetic  fields  well  beyond  the  state  of  the  art  in  order  to 
maintain  the  Hall  parameter  at  a value  high  enough  to  produce 
a significant  elevation  of  the  electron  temperature.) 

t 

In  a dynamic  description  of  the  electron  ensemble, 
superelastic  and  inelastic  collisions  between  electrons  and 
CC>2  molecules  do  not  balance  under  lasing  conditions.  Then 
inelastic  collisions  act  as  a sink  for  the  electrons  in  energy 
space.  If  the  imbalance  is  great  enough  the  Maxwellian  dis- 
tribution of  free  electrons  will  be  disturbed.  Under  these 
circumstances  the  Boltzmann  equation  must  be  solved  for  the 
electron  energy  distribution  function  before  the  ionization, 

recombination,  and  vibrational  excitation  rates  can  be  evaluated. 

i 

Nighan  has  used  the  cross-sectional  data  reported  by 
Refs.  (18)  and  (19)  to  solve  the  electron  Boltzmann  equation 
for  conditions  typical  of  electric  discharge  lasers  containing 
large  concentrations  of  C02  and  N2.^20^  We  noted  in  Chapter  1 
that  the  thermalizing  effect  of  electron-electron  interactions 

, is  unimportant  if  the  degree  of  ionization  ne/n  is  less  than 

—5  —8 

10  . In  a conventional  EDL  this  parameter  is  between  10 


and  10  Accordingly,  Nighan' s calculated  distribution  func- 
tion showed  large  deviations  from  Maxwellian  behavior  for  the 
pure  gases  N2  and  C02 . Ref.  (33)  gives  distribution  functions 
for  the  mixture  10%  C02 , 10%  N2 , 80%  He.  The  computed  depar- 
tures from  Maxwellian  behavior  are  rather  small  when  compared 
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to  the  calculations  for  the  pure  molecular  species.  How- 
ever, they  are  still  significant  in  an  absolute  sense. 

The  large  N2  cross  section  near  2 eV  acts  as  a sink  for  energetic 
electrons  and  suppresses  the  high  energy  tail  of  the  distribution 
function. 

(54 ) 

Murray  has  calculated  the  effects  of  this  non-Maxwel- 
lian  behavior  on  the  vibrational  excitation  rates  in  the 
1-1-8  mixture  of  C02  - N2  - He.  The  rates  were  computed  using 
the  distribution  function  of  Ref.  (54),  then  compared  to  similar 
rates  calculated  for  a Maxwellian  distribution.  The  largest 
deviation  from  the  Maxwellian  rate  was  found  to  be  about  9%. 

Since  cross  section  uncertainties  produce  an  effect  3 to  10 
times  greater  than  that  caused  by  non-Maxwellian  behavior,  very 
little  accuracy  is  lost  by  assuming  the  electron  distribution 
function  is  Maxwellian. 

. (4) 

Furthermore,  Lowenstem  showed  in  his  study  of  MHD  lasers 

that  even  for  a C02  concentration  as  high  as  5%,  the  deviation 
of  the  free  electron  distribution  from  a Maxwellian  is  less 
than  3%.  Recall  that  the  ionization  fraction  in  an  MHD  plasma 
is  three  to  five  orders  of  magnitude  higher  than  in  an  EDL 
plasma.  In  this  situation  the  thermalizing  effect  of  electron- 
electron  collisions  is  substantial;  this  process  keeps  the 
distribution  at  or  near  Maxwellian.  These  findings  are  in 
accord  with  the  results  of  Judd^^,  who  performed  an  analysis 
similar  to  that  of  Nighan  for  He  - C02  mixtures  without  N2>  He 
showed  that  for  helium  fractions  above  50  percent,  the  excitation 
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rates  are  nearly  independent  of  the  gas  mixture.  This  in- 
dicates that  the  distribution  function  in  such  a gas  lies  very 
close  to  a Maxwellian  or  that  non -Maxwellian  effects  on  the 
excitation  rates  are  unimportant. 

It  seems  clear  then  that  in  the  present  study  we  can  assume 
the  electron  distribution  function  is  Maxwellian  without  incur- 
ring  any  significant  error.  The  major  source  of  inaccuracy  in 
the  calculation  of  the  electron  excitation  rates  for  the  CC>2 
vibrational  levels  comes  from  the  excitation  cross  sections. 

Hake  and  Phelps  estimates  their  cross  sections  are  accurate  to 
within  10  percent.  The  more  recent  set  of  vibrational  cross 

(14) 

sections  derived  by  Lowke,  Phelps,  and  Irwin  using  the  same 

method  gives  a somewhat  different  profile  for  the  00°1  excitation 

-20  2 

cross  section.  A maximum  of  about  0.8  x 10  m is  reached 
near  0.8  eV.  This  is  about  half  the  value  reported  for  the 
maximum  by  the  earlier  investigation.  Nevertheless,  it  lends 
support  to  Nighan's  estimate  that  the  rates  calculated  in  his 
analysis  were  accurate  to  within  a factor  of  two,  futher  pre- 
cision being  limited  only  by  cross  sectional  uncertainty.  In 
. this  investigation  we  shall  employ  the  excitation  rates  v^e 

calculated  by  Nighan,  et  al.  for  MHD  laser  gas  conditions  using 
the  cross  sections  of  Refs.  18  and  19.  These  are  presented  in 

4 

Ref.  7.  The  calculated  excitation  rates  are  approximated  in  our 

analysis  by  cubic  spline  fit  polynomials  accurate  to  within  5 

percent.  This  level  of  precision  should  be  considered  quite 
\ 1 
good  when  compared  with  the  available  knowledge  of  the  lower 
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laser  level  relaxation  rate. 


4.3  Collisional  Deactivation  of  the  Lower  Laser  Level 

Previous  analyses  of  MHD  lasers  employing  CO 2 as  the  opti- 
cally active  molecular  species  have  assumed  that  the  symmetric 
stretch  and  bending  modes  are  in  equilibrium  at  a single  vibra- 
tional temperature  due  to  the  Fermi  resonance  that  exists  be- 
tween them.  As  it  is  well  known  that  the  rate  of  deactivation 
of  the  01' 0 level  of  the  BM  via  collisions  with  helium  atoms  is 
quite  rapid  (k^®  - 6000  torr-1  sec-^)  , such  a strong 

coupling  between  the  modes  implies  a rapid  removal  of  molecules 
from  the  10 °0  lower  laser  level.  This  has  important  consequences 
during  the  extraction  of  optical  power  from  the  laser  gain  medium, 
because  it  establishes  an  upper  limit  on  the  rate  at  which 
stimulated  transitions  between  the  00°1  and  10°0  levels  can  oc- 
cur. If  this  rate  of  production  of  10.6  y photons  exceeds  the 
rate  of  removal  of  molecules  from  the  lower  laser  level,  the 
population  of  the  lower  level  will  build  up  very  rapidly  until 
the  population  inversion  is  destroyed.  Thus  the  optical  power 
that  can  be  removed  from  the  laser,  given  by  the  energy  per 
transition  times  the  photon  production  rate,  is  limited  by  the 
collisional  deactivation  rate  of  the  lower  laser  level. 

For  conditions  under  which  the  assumption  of  strong  coupling 
between  symmetric  stretch  and  bending  modes  is  valid,  the  known 
rapid  deactivation  rate  of  the  01 ' 0 level  leads  to  a prediction 
of  high  optical  pov?er  output  if  the  upper  laser  level  pumping 
rate  is  high.  This  prediction  is  confirmed  by  the  high  con- 
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tinuous  wave  power  obtained  from  C02  - N2 -He  gas  dynamic  and 
electric  discharge  lasers.  The  assumption  of  equilibrium  be- 
tween SSM  and  BM  has  always  seemed  valid  because  the  performance 
of  these  lasers  closely  matched  prediction,  and  because  of  the 
measurement  of  this  rate  by  Rhodes,  Kelly  and  Javan  (RKJ)  , 
which  implied  a very  strong  coupling  (~  4.5  x 10^  torr  ^ sec  ^) . 
However,  more  recent  studies  have  reported  a variety  of  slower 
coupling  rates  between  these  modes,  most  of  them  slower  by  an 
order  of  magnitude  than  the  RKJ  rate. 

Let  us  now  review  the  present  state  of  knowledge  of  the 
lower  laser  level  relaxation  rate  for  C02,  in  view  of  its  im- 
portance in  determining  the  performance  capability  of  a C02 
laser.  The  experiments  to  determine  this  rate  fall  into,  two  • 
basic  categories.  The  first  consists  of  perturbing  the  Boltzmann 
distribution  of  the  00°1  and  02 °0  levels  in  a CC>2  absorption  cell 
with  a high-intensity  saturating  pulse,  at  9.6  y.  The  population 
difference  between  the  00 °1  and  10 °0  levels  is  monitored  with 
a low-power  10.6  y probe  laser.  Presumably  half  the  02 °0  popu- 
lation is  removed  by  the  saturating  pulse  and  deposited  in  the 
00 °1  level.  The  10 °0  level  is  then  overpopulated  with  respect 
to  02 °0,  and  the  SSM  population  decays  until  it  is  in  equili- 
brium with  the  population  of  the  BM.  The  rate  at  which  the 
10.6  y absorption  decreases  with  time  then  gives  the  collisional 
relaxation  rate  for  the  10 °0  level. 

This  is  the  method  employed  by  Rhodes,  Kelly,  and  Javan. 

Three  rates  were  actually  observed  in  their  1968  experiment. 
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Immediately  following  the  9.6  u saturating  pulse  a rapid  de- 
crease in  10.6  y absorption  occurred  with  a rate  too  fast  for 
the  electronics  to  resolve.  The  authors  concluded  that  this 
rate  constant  was  faster  than  106  torr-1  sec-1  and  that  the 
initial  rapid  decrease  in  absorption  was  due  to  equilibration 
of  the  Fermi  resonance-coupled  levels  10 °0  and  02° 0 through  the 
process 

C02(02°0)  + C02(00°0)  t C02(10°0)  + C02(00°0) 

- 102.8  cm  1 (4-13) 

After  1 ysec  the  absorption  was  found  to  increase  rapidly  at 
first,  then  more  slowly  after  25  usee.  RKJ  proposed  that  the 
initial  increase  in  absorption  was  due  to  the  refilling  of  the 
10 °0  level  through  several  processes  such  as 

C02(0220)  + C02(00°0)  t C02(10°0)  + C02(00°0) 

- 52.7  cm  1 (4-14) 


and 


C02(0110)  + C02(0110)  t C02(10°0)  + C02(00°0) 


+ 50.1  cm 


-1 


(4-15) 


The  combined  effective  rate  constant  for  these  processes  as  de- 
ft 

termined  from  the  experimental  measurements  is  about  4.5  x 10 
torr  1 sec  1 . No  attention  was  paid  to  the  slow  rate  of  in- 
crease in  the  absorption  after  25  ysec. 
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Sharma  performed  a subsequent  analyses  of  this  experi- 
(56) 

' From  theoretical  considerations  he  concluded  that 


the  process  in  Eq.  (4-14)  is  the  rate  limiting  step  in  the  de- 
activation pathway  and  that  the  4.5  x 10^  torr  ^ sec  ^ rate 
measured  by  RKJ  corresponds  to  this  reaction.  One  further  step 
is  then  needed  to  get  the  molecules  into  the  Ol^O  state  which 
is  depopulated  by  VT  collisions  with  helium.  This  is  an  intra- 
mode W process  involving  BM  levels  with  finite  rotation  about 
the  figure  axis  (meaning  the  superscript  quantum  number  is 
non-zero) : 


C02(0110)  + C02(0110)  X C02(0220)  + C02(00°0) 

- 1.0  cm  ^ 


(4-16) 


Sharma  calculates  a rate  constant  of  1.8  * 10^  torr  ^ sec  ^ for 
this  reaction,  using  a theory  based  on  the  long  range  forces 
from  the  Lennard-Jones  6-12  potential.  In  this  the  Fermi  re- 
sonance coupling  between  levels  10 °0  and  02 °0  is  very  rapid,  as 
is  the  overall  intermode  relaxation  from  10° 0 to  01^0. 

The  second  technique  was  first  introduced  by  Carbone  and 
i.  ^ (57)  T*.  -J  m*.#.  1 m/M.  i /a  n/v.ta  i"  a 


Witteman . 


It  involves  monitoring  the  power  decay  of  a 


cw  10.6  y CC>2  laser  whose  exciting  voltage  is  short  circuited 
at  t = 0.  This  causes  the  electron  temperature  and  number 
density  to  drop  rapidly.  The  radiated  laser  power  decays 
exponential ly : 


I = IQ  exp  (-t/t) 


(4-17) 


The  characteristic  decay  time  t is  obtained  from  the  recorded 
data . 

A simple  rate  equation  analysis  yields  the  relation  of  t 
to  the  lower  laser  level  relaxation  rate.  Modifying  the 
notation  of  Chapter  2 , we  may  write  these  equations  for  the 
upper  and  lower  levels  as 

dN_ 

= - Rx  (N2  - Nx)  gl  (4-18) 

dN.  N. 

= + R-L  (N2  - Nx)  gl  - ^ (4-19) 

e 

where  — represents  the  rate  of  the  slowest  process  in  the  re- 
e 

action  pathway  responsbile  for  emptying  the  lower  laser  level. 
Here  we  neglect  collisional  deactivation  of  the  upper  laser 
level  because  of  the  relatively  small  rate  for  this  level. 

As  long  as  laser  oscillation  continues  in  the  short-circuited 
afterglow  of  the  discharge  we  can  assume  that  the  population 
difference  satisfies  the  gain-equals-loss  criterion  of 
Eq.  (2-16) . This  implies  that 


(N2  - N^)  = constant 


(4-20) 


throughout  the  experiment.  This  immediately  leads  to  the 
condition 


dN2  dt^ 

dt  dt 


(4-21) 
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Combination  of  (4-18)  and  (4-21)  gives 


(4-22) 


which  has  a solution  of  the  form 


h = N10  exp  (-t/2Te) 


(4-23) 


Eq.  (4-18)  then  leads  to 


I - IQ  exp  (-t/2xe) 


(4-24) 


The  observed  exponential  decay  rate  of  the  power  is  then  seen 
to  be  one-half  the  lower  level  bottleneck  rate. 

This  method  has  the  advantage  of  directly  providing  the 
bottleneck  rate  for  near  steady-state  conditions.  The  saturating- 
pulse  experiments  take  place  on  such  a short  time  scale  that  ef- 
fects due  to  rotational  and  intramodal  vibrational  non-equili- 

(58) 

brium  may  be  important.  For  example,  Seeber v has  proposed 
that  the  very  rapid  rate  in  the  RKJ  experiment  (10^  torr  ^ sec  ^) 

corresponds  not  to  Fermi-resonance  coupling,  but  to  stimulated 

Raman  processes.  The  rate  of  4.5.  x 10^  torr  ^ sec  ^ , believed 

by  RKJ  and  Sharma  to  be  the  W bottleneck,  is  interpreted  by 

Seeber  as  due  to  the  redistribution  of  rotational  sublevels  of 

the  00 °1  level.  He  then  calculates  from  a modified  Schwartz- 

4 -1  -1 

Slawsky-Herzfeld  (SSH)  theory  a rate  of  4.5.  x io  torr  sec 
for  the  process  of  Eq.  (4-15).  Thus  if  Seeber ' s theory  is  valid, 
the  rate  limiting  step  is  an  order  of  magnitude  slower  than 
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indicated  by  the  RKJ  experiment. 

Bui thuis  ^ 59,60 ) hag  use(j  the  power-decay  method  to  measure 
lower  level  relaxation  rates  for  C02  that  are  in  close  agree- 
ment with  those  predicted  by  Seeber.  His  experiment  employed 

various  mixtures  of  CC>2,  H20,  and  He.  Plots  are  given  of  the 

2 

bottleneck  rate  — as  a function  of  the  partial  pressure  of  H20 
and  CC>2  (see  Figure  5)  . It  is  clear  from  these  plots  that  the 
rate  limiting  mechanism  changes  as  the  C02  partial  pressure  is 
increased  from  zero.  For  low  C02  concentrations  the  10 °0  deac- 
tivation rate  increases  linearly  with  C02  partial  pressure. 
Possible  pathways  for  this  limiting  reaction  are 


C02(02°0)  + C02(00°0)  t 2C02(01'0)  - 152.9  cm 


(4-25) 


C02(10°0)  + C02(00°0)  J 2C02(01'0)  + 50.1  cm'A  (4-26) 


From  the  plots  Bulthuis  calculates  a rate  constant  of  1.5  * 10* 
torr  ^ sec  a value  30  times  smaller  than  the  bottleneck  rate 
proposed  by  RKJ  and  Sharma.  In  this  regime  the  H20  fraction  is 
large  and  the  coupling  between  the  01' 0 level  and  the  C02 
ground  state  is  strong. 

As  the  C02  concentration  is  raised  beyond  the  point  where 

n__.  /nu  _ > 0.12,  there  is  a change  in  the  bottleneck  reaction. 
C02  H2 0 2 

The  curve  of  - levels  off  at  a constant  value  and  becomes  inde- 

T 

pendent  of  C02  partial  pressure.  This  indicates  that  the  bottle- 
neck reaction  does  not  include  CC>2  as  one  of  its  reactants.  The 


gas  is  now  in  a regime  where  the  coupling  between  the  10 °0  and 
01' 0 levels  is  strong.  The  deactivation  rate  for  the  10°0  level 
increases  linearly  with  H20  concentration.  The  rate  limiting 
reaction  is 

C02(10°0)  + H20  t C02(00°0)  + H20  + Etrang  (4-27) 

The  low  C02  regime  is  of  interest  in  the  present  study 
of  MHD  lasers.  The  findings  of  Bulthuis  indicate  that  under 
these  conditions  the  process  which  determines  the  deactivation 
rate  of  the  lower  laser  level  is  the  10 °0  - 01 '0  coupling 
mechanism.  It  is  imperative  to  have  accurate  data  for  this 
process,  which  occurs  primarily  by  C02  - C02  collisions,  yet 
the  two  experimental  techniques  to  determine  the  10°0  - 01' 0 
coupling  rate  give  results  which  differ  by  a factor  of  30. 

We  have  already  noted  the  objections  of  Seeber  to  the 

stated  interpretations  of  the  saturated  pulse  experiment. 

(43) 

Lyon  has  also  offered  an  explanation  of  the  discrepancy 
which  differs  from  that  of  Seeber.  He  agrees  with  RKJ  that 
the  initial  drop  in  absorption  in  their  experiment  is  due  to 
Fermi  resonance  coupling  between  10°0  and  02°0.  However, 
he  proposes  that  the  intermediate  rate  process  (4.5  x 10** 
torr”1  sec”1)  is  actually  a combination  of  W reactions  in  the 
BM  and  SSM  which  fill  the  transiently  underpopulated  10°0  - 
02 °0  levels  from  higher-energy  states  in  the  combined  BM-SSM 
modes.  Possible  reactions  of  this  type  are 
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C02(11'0)  + C02(00°0)  t C02(10#0)  + C02(01'0) 


+ 22  cm 


(4-28) 


C02(20#0)  + C02(00°0)  t 2C02(10°0)  + 22  cm* 


(4-29) 


The  bottleneck  rate  measured  by  Buthuis  (1.5  x 10*  torr-1  sec”^) 
is  then  assigned  to  the  slow  rate  reported  by  RKJ  but  thereafter 
ignored  by  them.  Lyon  therefore  concludes  that  RKJ  measured 
the  same  bottleneck  rate  as  Bulthuis,  but  they  did  not  identify 
it  correctly.  The  W process  which  leads  to  the  intermediate 
rate  in  the  RKJ  experiment  would  not  be  significant  in  the  ex- 
periment of  Bulthuis  becasue  the  vibrational  modes  are  in  a 
quasi-steady  state. 

A major  shortcoming  of  the  RKJ  experiment  was  the  relative- 
ly long  duration  of  the  saturating  pulse  (50-100  nanoseconds) 
and  the  slow  response  of  the  electronic  monitoring  equipment. 

An  updated  version  of  this  experiment  was  performed  in  1974  by 
Jacobs,  Pettipiece,  and  Thomas  (JPT)  using  a 2 msec  mode- 


locked  saturating  pulse  at  10.6  y. 


In  this  case  the  popu- 


lation of  the  10 °0  level  was  depleted  by  the  pulse,  and  a 9.6  y 

probe  laser  monitored  the  population  difference  between  the 

02°0  and  00 °1  states.  By  using  faster  electronics  with  a time 

resolution  of  3 nsec,  JPT  eliminated  much  of  the  uncertainty 

associated  with  the  interpretation  of  the  earlier  experiment 

by  RKJ.  Rotational  relaxation  phenomena  were  determined  to 
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proceed  at  a rate  much  faster  than  the  rates  observed  in  the 
data. 

As  in  the  RKJ  results,  three  rates  were  observed  during  the 
time  scale  of  the  experiment.  The  fastest  was  identified  with 
an  initial  rapid  decrease  in  absorption  due  to  processes  of 
the  type 


C02(02°0)  +m;  C02(10*0)  + M - 102.8  cm" 


(4-30) 


where  M represents  CO 2,  He  or  N2«  The  rate  constants  for  this 
02°0  - 10°0  relaxation  were  determined  to  be  k„  * 3 x io: 

-1  -1  5 .1  ^ ^ 

torr  sec  , kCQ  _Hfi  =*  0.8  x 10s  torr  A sec  x , and 

5 ^ 

J^co  -n  ~ 3 x io  torr  sec  . The  intermediate  rate  corre- 
sponded to  processes  repopulating  the  02° 0 level  such  as 


C02(01'0)  + C02(01'0)  t CO 2 (02*0)  + C02(00°) 


+ 50.1  cm 


(4-31) 


C02(0220)  + M t C02(02°0)  + M + 49.9  cm"1 


(4-32) 


Process  (4-31)  was  deemed  the  most  likely  candidate  for  this 
reaction,  with  the  rate  constant  3.3  x lo4  torr"1  sec"1  at 
300 °K.  This  is  in  accord  with  the  theories  of  both  Seeber 
and  Sharma.  Finally,  the  slow  rate  had  the  value  400  torr"1 
sec  1,  which  almost  surely  identifies  it  with  the  upper  laser 


level  relaxation  mechanism. 
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The  results  of  Jacobs,  Pettipiece,  and  Thomas  indicate  both 

a rate  and  a bottlenecking  mechanism  for  the  collisional  deacti- 

4 -1 

vation  of  the  lower  laser  level.  The  rate  is  3.3  * 10  torr 
sec  which  agrees  with  the  limiting  rate  measured  by  Bulthuis 
with  his  power-decay  experiment,  as  well  as  with  theoretical 
calculations  by  Seeber  and  Sharma.  Knowledge  of  the  mechanism, 
represented  by  Eq.  C4-31),  is  important  in  that  it  indicates 
the  bottleneck  exists  for  both  the  10.6  y and  9.6  u laser 
transitions.  If  Eq.  (4-30)  were  the  rate-limiting  process,  the 
bottleneck  would  interfere  only  with  lasing  at  10.6  y. 

A number  of  other  investigations  which  have  been  performed 
since  the  original  RKJ  experiment  have  reported  lower  level 
deactivation  rates  in  rough  agreement  with  those  of  Bulthuis 
and  JPT . Stark'  ’ performed  a series  of  saturating  pulse  ex- 
periments similar  to  those  of  JPT,  but  over  a more  narrow  range 
of  gas  mixtures.  Based  on  momentum  transfer  considerations,  he 
argues  that  the  relative  effectiveness  of  collision  partners 
for  the  10°0  - 02°0  relaxation  process  is  1:0.46  : 0.054  for 
C02  : N2  : He.  Then  the  reported  rate  value  is 

k10»0  - 02°0  * 1-4  * 1!)5  >PC02  + °-46Pn2  + 

torr  1 sec  1 (4-33) 

where  the  partial  pressures  are  expressed  in  torr  at  400°K. 
Except  for  the  momentum-transfer  corrections  this  is  close  to 
the  value  found  by  JPT  for  this  reaction.  However,  Stark  gives 
no  rates  for  the  other  steps  in  the  deactivation  pathway. 
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(63) 

Murray,  Mitchner,  and  Kruger  use  Stark's  collision  ef- 
fectiveness parameters  in  an  analysis  of  vibrational  nonequili- 
brium in  cw  C02  lasers.  For  the  bottleneck  rates  they  report 
the  values  1200  torr”1  sec”1  for  C02  - C02  collisions  and  60 
torr”1  sec”1  for  C02  - He  encounters.  If  only  C02  - C02  col- 
lisions are  effective  in  this  process,  as  Rosser,  Hoag,  and 
Gerry  report, the  C02  - C02  rate  is  slightly  higher,  2000 
torr  1 sec  1 . 

Apparently  the  only  report  since  the  RKJ  experiment  of 
a rapid  lower  level  deactivation  rate  comes  from  DeTemple,  Suhre, 
and  Coleman. ^®4^  They  measured  the  power  decay  in  the  after- 
glow of  a pulsed  discharge  in  pure  C02>  The  decay  was  charact- 
erized by  several  exponentials  with  rate  constants  between 
0.8  x 10®  torr”1  sec”1  and  1.05  x 10®  torr  1 sec  1,  more  rapid 
in  fact  than  the  RKJ  rate.  However,  Stark  argues  that  these 
are  actually  the  rates  of  rotational  and  velocity  relaxation, 
and  that  the  true  rates  are  masked.  A summary  of  the  available 
rate  data  on  lower  laser  level  relaxation  is  given  in  Table  II. 

The  first  conclusion  that  may  be  drawn  from  the  scatter  in 
the  data  is  that  the  detailed  kinetics  of  the  collisional  re- 
laxation of  the  lower  laser  level  C02(10°0)  are  not  completely 
understood.  There  is,  however,  a wide  body  of  theoretical  and 
experimental  evidence  which  suggests  that  the  relaxation  rate 
due  to  C02  - C02  collisions  is  from  one  to  three  orders  of 
magnitude  slower  than  previously  believed.  The  experimental 
results  of  Bulthuis  and  JPT,  when  considered  together,  are 
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Table  2.  Summary  of  Reported  Values  of  C02(10°0)  - C02  (01' 0) 
Relaxation  Rate. 


Investigators 

Rhodes,  Kelly,  and  Javan 

Carbone  and  Witteman*^7^ 
.(58) 


(50) 


Seeber 
Bulthuis  and  Ponsen 


(59) 


Rosser,  Hoag,  and  Gerry 
Bulthuis (60) 

Stark (62> 


(49) 


Jacobs,  Pettipiece,  and  Thomas 
Murray,  Mitchner,  and  Kruger 
Sharma 


(61) 


Rate  (atm~*  sec~^) 


3.0  x 10 

6.8  x 10* 
3.4  107 

9.9  x 10* 

7.6  x 10! 

7.7  x 10* 

1.1  x 10 
= 107 


8 


8 


0.9  - 1.5  x 10' 
4.0  x 107 


G 
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especially  compelling  in  this  regard.  The  evidence  also 
indicates  that  the  CC>2  - C02  collisions  are  much  more  effective 
in  the  10°0  - 01' 0 relaxation  process  than  either  C02  - He  or 
C02  - H20  collisions.  Then,  for  low  C02  concentrations,  the 
relaxation  of  the  01' 0 level  by  H20  or  He  is  faster  than  the 
coupling  between  the  10°0  and  01* 0 states.  This  does  not  pose 
any  problems  for  most  high  power  C02  lasers,  because  they  gener- 
ally operate  with  C02  mole  fractions  between  5 and  15%,  and 
H20/He  fractions  between  10  and  15%,  the  balance  being  made  up 
of  N2 . These  mixtures  easily  satisfy  the  criterion  of  Bulthuis 
that  the  C02  concentration  must  exceed  12%  of  the  fraction  of 
the  01' 0 relaxant  species  in  order  to  have  strong  10 °0  - 01’ 0 
coupling . 

In  the  MHD  laser  a far  different  situation  prevails. 

Electron  energy  balance  considerations  dictate  that  molecular 

_2 

mole  fractions  must  not  greatly  exceed  10  • Lowenstein's 

analysis  restricts  the  CC>2  concentration  even  further  to  avoid 
quenching  of  the  excited  electronic  states  of  the  alkali  seed. 

In  this  case,  the  rate  constants  presented  here  indicate  that 
the  rate-limiting  process  is  actually  the  10°0  - 01' 0 coupling 
rate.  All  previous  studies  of  MHD  lasers  have  assumed  this  rate 
to  be  very  fast  so  that  the  populations  of  the  symmetric  stretch 
and  bending  modes  are  in  Boltzmann  equilibrium.  When  this 
assumption  is  made  the  rate-limiting  process  is  naturally  the 
relaxation  of  C02(01'0)  to  the  ground  state  by  He  collisions. 
Since  these  other  analyses  have  apparently  ignored  the  real 
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bottleneck,  there  is  the  distinct  possiblity  that  they  have 
overestimated  the  optical  power  extraction  from  an  MHD  laser 
by  up  to  an  order  of  magnitude. 


Several  other  interesting  physical  aspects  present  them- 
selves here.  When  the  lower  level  deactivation  rate  is  extreme- 
ly rapid  (as  with  strong  10°0  - 01’ 0 coupling),  the  process  which 
limits  the  photon  production  rate  is  not  the  10 °0  relaxation  time 
but  the  pumping  rate  of  the  upper  laser  level.  This  must  be  an 
important  consideration  if  one  is  searching  for  plasma  conditions 
which  maximize  the  performance  of  an  MHD  laser. 

Furthermore,  if  the  interpretation  by  Jacobs,  Pettipiece, 
and  Thomas  of  their  experimental  results  is  correct,  then  the 
rate  limiting  step  is  actually  the  intramode  W process 


CO 2 (02°0)  + C02(00°0)  2 2C02(01'0)  + 50.1  cm" 


(4-34) 


If  the  intramode  energy  transfer  rate  is  really  so  small 
4 -1  -1 

(3.3  x 10  torr  sec  ),  the  levels  of  the  bending  mode  are 
not  in  Boltzmann  equilibrium.  This  would  upset  another  long- 
held  assumption  about  C02  molecular  kinetics.  One  possible 
explanation  for  such  a slow  rate  is  the  change  in  the  super- 
script angular  momentum  quantum  number.  Before  the  encounters, 
neither  C02  molecule  has  any  rotation  about  the  figure  axis; 
afterwards  they  both  do.  From  geometric  considerations,  a 
third  body  may  be  necessary  to  get  them  spinning.  This  would 
explain  the  low  frequency  of  occurrence  for  this  process  at  low 
C02  concentrations.  At  any  rate,  if  the  energy  levels  of  the 
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BM  are  not  in  Boltzmann  equilibrium,  the  mode  approach  to 
writing  the  CO^  rate  equations  is  inappropriate.  An  accurate 
treatment  would  require  the  rate  equations  for  all  of  the  levels 
to  be  written  separately. 

In  the  present  analysis  we  employ  the  mode  equations  for 
two  reasons:  (1)  detailed  rates  for  all  the  inter-  and  intra- 
mode processes  are  unavailable  at  this  time;  and  (2)  it  is  un- 
certain whether  the  stated  interpretation  of  the  JPT  experiment 
is  correct.  Nevertheless,  our  modeling  of  the  vibrational 
kinetics  goes  a step  beyond  the  analyses  of  Refs.  4,  8,  and  11 
by  treating  the  three  modes  independently,  each  with  its  own 
vibrational  temperature.  Eqs.  (2-17  - 2-19)  describe  the  pro- 
cesses of  energy  transfer  to  and  from  these  modes.  In  compari- 
son with  the  10°0  - 01' 0 coupling  rate,  the  rates  of  deactiva- 
tion of  the  00°1  and  01' 0 levels  by  C02  and  He  collisions  are 
known  fairly  accurately  (within  10%) . These  are  presented  by 
Taylor  and  Bitterman  and  updated  somewhat  in  Ref.  8.  We  use 
cubic  spline  fits  obtained  from  the  curves  in  the  latter  refer- 
ence in  our  calculations.  It  is  then  possible  to  study  the 
effects  of  the  uncertainty  in  the  10 °0  - 01 '0  relaxation  rate 
without  accumulating  too  much  inaccuracy  because  of  uncertain- 
ties in  the  other  rate  constnats. 

It  is  felt  that  the  bottleneck  rate  given  by  Jacobs, 

Pettipiece,  and  Thomas  gives  the  best  approximation  to  the  time 

4 -1  -1 

scale  of  this  process.  This  rate  (3.3  * 10  torr  sec  ) 
falls  midway  between  that  measured  by  Bulthuis  (1.5  x 10^ 
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torr  1 sec  and  a rate  measured  in  Sharma's  MHD  laser  pulsed- 
discharge  simulation  experiment  (5.2  x 104  torr-1  sec"1) . 

The  effects  of  this  rate  constant  on  the  calculated  small  sig- 
nal gain  in  a flowing  MHD  laser  plasma  are  shown  in  Figure  6 . 
For  comparison,  a calculation  from  the  old  two-vibrational- 
temperature  model  is  included.  Note  the  near  equality  of  the 
curve  from  this  model  with  the  one  obtained  using  the  new  model 
and  the  RKJ  relaxation  rate. 


Ill 


n — 1 1 — 
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V.  NUMERICAL  CALCULATIONS 

5.1  Complete  System  of  Equations 

We  have  seen  that  a wide  variation  exists  in  the  accepted 
value  of  the  lower  laser  level  relaxation  rate  in  CO^ • Depend- 
ing on  which  of  these  rates  is  accurate,  one  has  two  distinct 
kinetics  models  to  choose  from  when  doing  performance  calcula- 
tions for  carbon  dioxide  lasers.  The  first  of  these  will  be 
referred  to  as  the  three-temperature  model.  In  this  formula- 
tion the  three  vibrational  modes  of  CC>2  are  treated  independently. 

Each  energy  transfer  process  is  explicitly  written  in  the 
vibrational  energy  equations.  The  vibrational  energy  stored  in 
each  mode  is  then  computed  as  a function  of  position  in  the 
channel  by  integrating  the  rate  equations . 

Thus,  the  characteristic  temperature  of  each  mode  is 
determined  by  a balance  of  the  energy  gain  and  loss  mechanisms. 
Unless  one  of  the  kinetic  rate  constants  describing  the  transfer 
of  energy  between  two  modes  is  very  large,  the  three  vibration- 
al temperatures  will  be  different.  Then  a total  of  five  temp- 
eratures describe  the  state  of  the  different  components  of  the 
laser  plasma:  the  static  temperature  of  the  neutral  gas  T,  the 
electron  temperature  Tg,  and  the  characteristic  vibrational  temp- 
eratures T^ , T2,  and  T^ . This  is  a relatively  general  approach, 
and  it  is  the  one  used  in  deriving  the  equations  presented  in 
Chapters  2 and  3.  For  convenience,  let  us  now  write  again  the 
seven  differential  equations  which  govern  the  evolution  of  the 


— — ■-  — - * 


112 


fluid  properties  in  an  MHD  laser. 


35E 


(In  p)  = - i 


(5-1) 


3*  <ln  V = 


(5-2) 


— (n  UA_ ) = neUAp  ri  _ ne  1 + 3<n2> 

dx  e ^ LRATE  n*2  1 + 4>  (<f>+2)  <n^  (5"3) 

e 


n 


d 2 2 4 

S?  <n  > - > z 


r + r*  (i  - -A . ) 

l - <n2>  l ne 


RATE  1 + <j)  (<f>+2)<n2>  X'  i + T*/\' 


(5-4) 


- , E1(T1>  - W V1 
' ^ — + 9I1ad  <5-5> 


'3  V1 


d*  (E1UV 

& (E2UV  = t-2--T-e)T"  ~ E3(T2} 

2e  X3REL 

^ Ei(T1)  - El(T2)  E2(T2)  - E2(T) 


1REL 


T2REL  Ud 


^(VV  . ,V!e>  E3(T3>  . E3  <T3>  - VV 

T3e  t3REL 


(5-6) 


^-^;gI]AD 


(5-7) 


When  the  rate  of  coupling  between  the  10° 0 and  01' 0 

levels  is  extremely  fast,  a second  approach  may  be  taken  to 
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modeling  the  CO^  kinetic  processes.  Simplification  of  the 
above  equations  may  be  obtained  by  recognizing  that  very 
rapid  reactions  can  produce  equilibrium  between  the  reacting 
species.  In  the  previous  chapter  we  saw  that  the  early 
acceptance  of  the  results  of  the  Rhodes-Kelly-Javan  experi- 
ment ^ 50  ^ as  well  as  experience  in  analysis  of  CO 2 lasers  with 
large  CC>2  mole  fractions  led  to  the  assumption  that  the  bend- 
ing and  symmetric  stretch  modes  of  the  C02  molecules  in  an 
MHD  laser  are  strongly  coupled.  When  this  is  the  case  the 
SSM  vibrational  temperature  is  nearly  identical  to  the  BM 
temperature,  reflecting  the  complete  equilibrium  of  the  two 
modes.  The  bottleneck  rate  in  this  case  is  the  one  with 
which  C02(01'0)  is  deactivated  through  collisions  with  He 
atoms.  The  assumption  that  T^  = T2  makes  one  of  the  vibra- 
tional energy  equations  redundant.  We  can  combine  C5-5)  and 
(5-6)  into  a single  equation,  so  that  the  number  of  differ- 
ential equations  which  must  be  solved  by  numerical  integration 
is  reduced  from  seven  to  six.  Combination  of  (5-5)  and  (5-6) 
yields 


& (Ei2uV  = [ 


El2(Te)  - E12(T2) 
T2e 


W ~ W 

T3REL 


E12(T2}  ~ E12(T) 
T2REL 


(5-8) 
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In  this  two-vibrational-temperature  model  Eq.  (5-1)  - (5-4) 
as  well  as  Eq.  (5-7)  remain  unchanged. 

We  have  already  seen  in  Figure  6 how  the  two  theories 
lead  to  different  predictions  for  the  small  signal  gain. 

Two  features  of  this  graph  should  be  noted  at  the  present 
time.  First,  the  two-temperature  model  predicts  a higher 
gain  than  does  the  three-temperature  model  with  the  rate  mea- 
sured by  Bulthuis  and  JPT.  This  is  because  the  more  rapid 
rate  of  collisional  deactivation  of  the  lower  laser  level  that 
is  inherent  in  this  theory  results  in  a generally  lower  popu- 
lation for  the  lower  level.  Thus  the  population  inversion 
calculated  with  this  theory  is  greater. 

The  second  detail  is  a qualitative  one.  For  the  init- 
ial conditions  shown,  the  gain  calculated  with  the  two- 
temperature  theory  quickly  rises  to  a maximum  and  begins  to 
decay.  In  contrast,  the  three-temperature  model  predicts  a 
monotonic  rise  in  the  small  signal  gain  over  the  range  of 
x indicated.  The  dropoff  in  gain  is  due  to  the  increased 
rate  of  deactivation  and  decreased  rate  of  pumping  of  the 
upper  laser  level,  both  of  which  are  caused  by  the  pressure 
buildup  resulting  from  the  MHD  interaction. 

The  same  effect  will  eventually  cause  the  gain  cal- 
culated from  the  three-temperature  theory  to  peak  and  then 
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decay.  It  increases  in  the  region  of  our  calculations  be- 

cause  the  lower  level  population  is  large  due  to  the  high 

value  of  T . The  deactivation  rate  of  this  level  is  slow, 
o 

As  the  fluid  moves  down  the  channel  the  lower  level  population 
remains  partially  frozen  near  the  initial  value,  but  it  does 
continue  to  decrease.  This  is  indicated  by  the  rising  gain. 
The  lower  level  deactivation  rate  is  enhanced  by  the  pressure 
buildup  in  the  positive  x direction.  However,  eventually  the 
electron  temperature  will  begin  to  drop  and  the  rate  of  de- 
crease of  the  upper  level  population  will  exceed  that  of  the 
lower  level  population.  Then  finally  the  small  signal  gain 
predicted  by  the  three-temperature  model  will  also  reach  a 
maximum  value  and  start  to  decay. 

If  the  initial  stagnation  temperature  were  lower  than 
it  is  in  Figure  6,  we  should  expect  the  three-temperature 
model  to  predict  a higher  gain  in  the  entrance  region  of  the 
channel,  as  the  lower  level  population  does  not  then  have  to 
decay  from  such  a large  initial  value.  Figure  7 illustrates 
the  truth  of  this  statement;  it  compares  the  small  signal 
gain  calculated  with  the  three-temperature  model  for  Tq  = 

18 00 °K  and  2090°K. 

Of  greater  interest  than  the  small  signal  gain  is  the 
calculated  power  extraction,  because  this  is  where  the  bottle- 
necking predicted  by  the  three-temperature  theory  should  have 
its  most  pronounced  effects.  Results  of  power  extraction 
calculations  for  the  same  initial  conditions  as  in  Figure  6, 
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with  the  exceptions  p =20.0  atm,  x„„  = 0.0125,  and  X_  = 

o CO-  cs 

-5  * 

10  , are  presented  in  Tables  3 and  4.  The  trends  followed  by 

the  data  in  these  tables  are  more  clearly  illustrated  by 
Figures  8-13.  Figure  8 shows  the  specific  power  output  of 
the  laser  with  a transmission  coefficient  of  3%  at  the  out- 
put coupling  mirror.  The  two- temperature  model  predicts  a 
significantly  higher  power  output  than  the  three-temperature 
model.  The  principal  reason  for  this  is  the  difference  in  the 
deactivation  rates  for  the  lower  laser  level.  However, 
understanding  of  the  intermediate  details  is  aided  by  Figures 

9-11.  Mote  that  the  difference  between  T and  T-  is  consid- 

e 3 

erably  greater  with  the  two- temperature  model. 

The  slow  lower  laser  level  deactivation  rate  associated 
with  the  three-temperature  model  results  in  a higher  initial 
value  of  n^QQ  (hence  T^)  at  the  cavity  entrance  than  in  the 
two- temperature  calculation.  This,  together  with  the  gain- 
equals-loss  restriction  on  cavity  gain  given  by  Eq.  (2-16), 
fixes  the  upper  level  population  (hence  T3) . Since  n1Q0  is 
initially  higher  in  the  three-temperature  theory,  then  nQ01 
and  T^  will  be  higher  as  well.  This  results  in  a somewhat 
paradoxical  situation  where  the  calculated  power  output  is 
greater  in  the  two- temperature  theory,  even  though  the  upper 
laser  level  population  is  less.  But  as  we  have  seen,  the 
latter  condition  is  a direct  result  of  the  rapid  lower  level 
deactivation  frequency  which  also  allows  the  higher  rate  of 
stimulated  transitions  in  this  model.  Although  the  upper 
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Table  4,  Computational  Results  from  Three-Temperature  Model  (xrn  “ 0.0125 


level  population  is  smaller  in  the  two-temperature  calculation, 
so  too  is  the  lower  level  population.  The  lower  level  popula- 
tion in  the  three-temperature  theory  is  held  at  a high  value 
by  the  slow  deactivation  rate  measured  by  Bulthuis  and  JPT. 


Not  only  is  the  calculated  power  output  greater  when 
the  two- temperature  theory  is  used,  but  the  laser  efficiency 
is  considerably  higher  as  well  for  a given  set  of  initial 
conditions.  Figure  12  shows  the  fraction  of  the  Joule  dissi- 
pation power  which  goes  into  the  upper  and  lower  laser  levels. 
These  fractions  are  given  by  rip  and  nL,  respectively.  The 
amount  of  energy  transferred  to  each  mode  is  proportional  in 
the  Landau-Teller  formulation  to  the  difference  (Tg)  - E^CT^). 
Then  the  greater  the  difference  between  Te  and  T^  (the 
vibrational  temperature  of  mode  i) , the  greater  will  be  the 
fractional  power  transfer  to  the  mode  in  question.  Efficient 

operation  of  the  laser  dictates  that  n be  high  and  nT  low. 

P h 

This  occurs  when  Tq  - T^  is  large  and  Tg  - T2  is  not  too 
great.  However,  the  constraint  Te  > T3  > T2  must  always  be 
satisfied.  In  practice  it  may  turn  out  that  the  efficient 
pumping  associated  with  a low  Tg  is  incompatible  with  the  de- 
mands in  a high  power  device  for  rapid  pumping  and  a high  Tg. 

For  the  initial  conditions  of  Figure  8-13  Tg  is  such 
that  rip  < nL*  However,  comparison  of  Figures  9 and  10  shows 
that  the  difference  Tg  - T^  is  considerably  greater  for  the 
two-temperature  calculation.  This  leads  to  the  expectation 
that  the  value  of  np  calculated  from  this  theory  is  higher 
than  it  really  should  be  if  the  three-temperature  model  is 
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accurate.  Figure  12  shows  that  this  is  indeed  the  case.  So 
the  three- temperature  model  predicts  not  only  less  power, 
but  a lower  efficiency  for  the  conversion  of  electrical  to 
optical  energy.  In  addition,  we  saw  in  Chapter  2 that  the 
key  efficiency  parameter  is  the  local  or  adiabatic  effici- 
ency, which  is  the  ratio  of  the  energy  actually  extracted  to 
the  energy  that  would  be  removed  in  an  adiabatic  process. 

Figure  13  shows  that  the  calculated  local  efficiency  is 
also  considerably  less  for  the  three-temperature  model. 

It  should  be  stressed  at  this  point  that  the  performance 
predicted  by  the  three-temperature  theory  can  generally  be 
improved  upon  by  changing  the  initial  conditions.  In  the  pre- 
sent case  n_  can  be  increased  relative  to  nT  by  decreasing 
Tg.  This  can  be  accomplished  in  a variety  of  ways:  changing 
the  geometry  to  decrease  the  Mach  number,  increasing  the  CO^ 
concentration  to  increase  the  inelastic  losses,  or  decreasing 
Tq.  These  considerations  are  taken  up  in  the  following 
section,  which  presents  the  major  quantitative  findings  of 
this  investigation. 

5.2  Results  of  Parametric  Study 

In  Section  4.C  an  exhaustive  effort  was  made  to  deter- 
mine the  most  probable  rate  of  deactivation  of  the  lower  laser 
level;  it  was  concluded  that  this  was  the  rate  determined  ex- 
perimentally by  Bulthuis  and  by  Jacobs,  Pettipiece,  and  Thomas. 
Then  in  the  preceding  section,  we  saw  how  these  recent  ex- 
perimental findings  led  to  important  quantitiative  and  quali- 
tative differences  in  the  formulation  of  equations  describing 
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MHD  laser  performance.  On  the  basis  of  the  discussion  in 

Section  4.C  it  is  felt  that  the  three-temperature  model  with 

4 -1  -1 

the  Bulthuis  - JPT  value  kgQ  f 3.3  * 10  torr  sec  provides 
the  most  accurate  description  of  the  C02  molecular  kinetics. 
For  the  parametric  study  of  the  effects  of  various  properties 
on  laser  performance  this  is  the  model  that  was  employed. 

We  shall  now  describe  the  set  of  initial  conditions 
about  which  the  independent  quantities  were  varied.  Table  5 
summarizes  the  values  used  for  this  baseline  case.  This  set 
of  conditions  was  chosen  primarily  on  the  basis  of  results 

(4 ) 

from  previous  MHD  laser  studies.  Lowenstein's  calculations 
showed  that  optimum  performance  is  achieved  when  xCs  = 10  ^ 
and  Te  lies  in  the  range  2500-3000°K.  The  calculations  of 
Refs.  6-8  indicated  that  such  electron  temperatures  could  be 
attained  with  a typical  state-of-the-art  magnetic  induction 
of  2-4  tesla  and  a C02  fraction  of  1%  if  the  nozzle  area 
ratio  is  designed  to  provide  a Mach  number  of  4 at  the  channel 
entrance.  Other  cavity  properties  necessary  to  maintain  the 
desired  plasma  conditions  are  static  temperatures  in  the 
neighborhood  of  300°K  and  pressures  of  0.1-0. 2 atm.  When 
combined  with  the  Mach  number  requirement,  these  numbers 
imply  initial  stagnation  conditions  Tq  = 2090°K  and  pQ  = 

20.0  atm.  These  values  result  in  a mass  flow  rate  of  1.56 
kg/sec . 

For  the  baseline  calculations  we  shall  assume  the  C02  - 
Cs  quenching  cross  section  Oq  = 0.  An  initial  electron  number 


i 
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density  ng  * 8.5  * 10  m due  to  preionization  is  speci- 
fied for  the  baseline  case.  Finally,  absorption  coefficients 
of  0.02  are  assumed  for  each  mirror,  with  transmission 
coefficients  of  0.03  for  the  output  coupling  mirror  and 
0.00  for  the  mirror  at  the  other  end  of  the  cavity.  The 
output  coupling  coefficient  was  chosen  on  the  basis  of  the 
small  signal  gain  calculations  shown  in  Fig.  6 and  the  rela- 
tion for  optimum  output  coupling  given  by  Ref.  27: 


= - a + /G  La 

o 


(5-10) 


where  a is  the  total  .absorption  coefficient  (in  the  absence 

of  internal  scattering) , Gq  is  the  small  signal  gain,  and  L is 

the  distance  between  the  mirrors. 

As  a check  on  the  numerical  model,  the  computer  program 

that  was  developed  to  perform  the  calculations  was  run  with  no 

C02  and  under  the  same  conditions  as  the  MIT  nonequilibrium 

MHD  generator  experiment.  The  results  were  found  to  match 

closely  those  of  Cole's  analysis.  The  Mach  number  considera- 

A 

tions  result  in  an  area  ratio  at  the  nozzle  exit  r|  = 5.6. 

A* 

2 

With  a throat  area  A*  of  0.0022  m (equal  to  that  in  the  MIT 
experimental  generator)  this  condition  and  the  others  stated 
previously  lead  to  a channel  section  with  a width  between 
mirrors  (1)  of  0.54  m (54  cm)  and  a height  of  0.023  m (2.3  cm). 
So  initially  the  flow  is  expanded  through  a wedge  nozzle  0.05 


m in  length  with  a divergence  half  angle  of  10.7°  and  an  area 


Table  5.  Baseline  Case 


M * 4 

B = 4.0  tesla 


CO, 


0.01 

-5 


xCs  * 10 


pQ  = 20.0  atm 


T_  = 2090  °K 

o 

= 8.5  x io18  m"3 

eo 


oQ  = 0.0 

<n2>  = 0.05 

Sioz  = °*05  m 


L 


0.54  m 


T° 


Table  6.  Summary  of  Parameter  Variation  Runs 
with  Power  Extraction  Program. 


(1)  Vary  kgB 

- 4.5  x 10^  torr  ^ sec  ^ (RKJ  rate) 

- 3.3  x io4  torr  ^ sec  ^ (Bulthuis  - JPT  rate) 


(2)  Vary 

- 0.01 

- 0.0125 

- 0.0165 

- 0.02 

- 0.03 

- 0.04 

(3)  Vary  pQ 

- 20.0  atm 

- 10.0  atm 

( 4 ) Vary  Tq 

- 2090°K 

- 1800°K 

(5)  Vary  x. 


Cs 

- 6 x 10 
,-5 


-6 


- 10 


- 10 


-4 


L 
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Table  6.  Summary  of  Parameter  Variation  Runs  with 
Power  Extraction  Program.  (Cont.) 


(6)  Vary  n 


- 8.5  x 1018  nf3 


- 3.0  x io19  m~3 


(7)  Vary  a. 


- 0.0 


-19  2 

- 7.0  x 10  ra 


ratio  at  the  exit  of  5.6,  yielding  an  isentropic  Mach  number 


of  4.  In  this  region  the  fluid  is  preionized  so  that  ng  = 

18  — 3 

3.5  x 10  m at  the  nozzle  exit.  The  gas  next  enters  the 
wedge-shaped  channel  section  with  a width  of  0.54  m and  a 
divergence  half  angle  of  0.3°.  A magnetic  field  of  4.0  tesla 
is  initiated  0.01  m into  the  channel.  The  electrode  and  insula- 
tor thicknesses  are  the  same  as  those  used  in  the  MIT  generator. 
Several  runs  of  the  program  with  different  ratios  of  electrode- 
to- insulator  width  indicated  that  this  parameter  had  little 
effect  on  performance.  Similarly,  the  transverse  voltage 
distribution  was  taken  to  be  the  same  as  in  Ref.  15, ~ the  MIT 


experiment,  but  runs  with  significantly  different  values  indi- 
cated that  this  too  had  little  effect  on  performance.  The 

initial  value  of  the  fluctuation  parameter  was  taken  to  be 
2 

<n  > = 0.05,  as  in  Ref.  16. 


Table  6 summarizes  the  successful  runs  of  this  power 
extraction  program  that  were  performed  as  part  of  the  para- 


metric analysis  of  the  MHD  laser.  Each  of  the  following 
quantities  was  varied  while  the  other  baseline  conditions  were 
held  constant:  lower  laser  level  deactivation  rate  kgB,  CO 2 


The  results  of  these  calculations  are  presented  in 
Fig.  8-26.  Fig.  8-13  show  the  effects  of  the  lower  laser 
level  relaxation  rate  on  laser  performance.  We  have  already 
discussed  the  ramifications  of  adopting  the  three-temperature 
model.  The  following  thirteen  plots.  Figures  14-26,  then 
illustrate  the  effects  of  varying  the  C02  concentration  on  the 
laser  output  and  fluid  properties.  It  can  be  seen  that  the 
mole  fraction  x_n  = 0.03  represents  an  apparent  optimum.  As 

lu  2 

discussed  in  Section  6.B,  this  optimum  shifts  to  the  right  on 
Figure  14  as  M is  increased.  However,  in  this  study  we  con- 
fine our  attention  primarily  to  the  set  M = 4,  pQ  - 20.0  atm., 
and  Tq  = 2090°K  because  these  conditions  were  identified  by 
Refs.  4 and  7 as  the  most  likely  operating  regime  for  an  MHD 
laser. 

Figure  27  shows  how  the  initial  stagnation  pressure 
affects  the  radiation  intensity  in  the  cavity.  Clearly  the 
higher  value  of  pQ  offers  better  performance.  Figures  28-30 
reveal  the  influence  of  initial  stagnation  temperature  on  the 
laser  output  power  and  the  fluid  properties  in  the  cavity. 
These  figures  indicate  the  desirability  of  operating  with 
a lower  stagnation  temperature  than  in  the  baseline  case. 
Figure  10  and  Table  4 presented  the  results  of  the  three- 
temperature  calculation  for  a seed  fraction  = 10  The 

effects  of  increasing  x^s  to  10  ^ are  shown  in  Figure  31  and 
Table  7.  With  such  a large  seed  fraction  ng  is  high  enough 
under  these  conditions  to  significantly  excite  the  bending 
mode  and  subsequently  the  lower  laser  level,  with  the  result 
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that  no  lasing  ever  occurs.  Thus  we  see  some  confirmation 

of  Lowenstein's  prediction  that  a seed  fraction  of  10-^  yields 

the  maximum  performance.  Figure  32  illustrates  the  effect  of 

the  initial  electron  number  density  on  the  laser  output  of 

zero  quenching.  While  the  higher  value  of  n provides  a 

eo 

higher  power  output,  the  effect  is  not  significant.  Finally, 

Figures  33-35  demonstrate  what  happens  when  the  quenching 

cross  section  is  not  equal  to  zero.  We  assume  here  that  Oq 

-19  • 2 

has  the  rather  large  value  of  7.0  x 10  A used  by  Lowen- 
stein.  It  can  be  seen  that  while  quenching  does  have  an  ad- 
verse effect  on  the  small  signal  gain,  as  long  as  the  fluid 
is  preionized  in  the  nozzle  it  should  be  possible  to  obtain 
an  appreciable  small  signal  gain  (and  power  output) . In  the 
following  chapter  we  shall  analyze  these  results  in  greater 
detail  in  an  effort  to  clarify  the  basic  mechanisms  and  prop- 
erties of  the  MHD  laser  plasma. 
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VI.  DISCUSSION  AND  CONCLUSIONS 


6.1  Effect  of  Lower  Level  Relaxation  Rate  on  Laser 
Performance 

We  have  seen  that  the  collisional  deactivation  rate  of 
the  lower  laser  level  has  a profound  influence  on  the  power 
extraction  characteristics  of  a C02  MHD  laser.  Figures  8-10 
indicate  that  the  previous  MHD  laser  performance  calculations 
described  in  Refs.  4 and  6-8  differ  significantly  from  those 
which  employ  the  revised  molecular  kinetics  model  presented 
earlier  in  this  work.  Because  the  most  recent  experimental 
measurements  of  the  lower  level  relaxation  rate  by  Bulthuis 
and  by  Jacobs,  Pettipiece,  and  Thomas  strongly  suggest  the 
need  to  adopt  the  revised  kinetics  model,  the  calculations 
performed  according  to  this  theory  should  be  considerably 
more  accurate  than  the  earlier  results.  The  calculations  with 
the  old  two-vibrational-temperature  theory  yield  over- 
optimistic  results  due  to  the  significantly  different  set  of 
plasma  conditions  resulting  from  the  rapid  lower  level  relax- 
ation rate.  We  shall  now  analyze  the  two  cases  in  a general 
way  with  the  goal  of  obtaining  a set  of  dimensionless  numbers 
which  provide  a guideline  for  judging  when  plasma  conditions 
are  optimum  for  lasing. 

Let  us  begin  by  idealizing  the  relevant  C02  energy  levels 
as  a three-level  laser  system.  The  subscripts  2,  1,  and  0 
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will  ✓be  used  to  designate  the  upper,  lower,  and  ground  states, 
respectively.  Then  the  rate  equations  describing  the  pop- 
ulations of  the  upper  and  lower  laser  levels  are 


r 


dN2 

FF  = ' N2  “20  " 


U) 


10 


* N2  “20 


W.  (n2-Ni)  + r2 

+ Wi  (N2-Nx)  + r^ 


(6-1) 

(6-2) 


Here  is  the  decay  rate  per  atom  from  level  i to  level  j. 

This  includes  transitions  due  to  both  spontaneous  emission 
and  collisional  processes.  In  the  high  pressure  regime  of 
interest  in  an  MHD  laser,  the  latter  are  completely  dominant. 
VT  is  the  probability  per  unit  time  that  a molecule  in  the 
upper  laser  level  will  undergo  a stimulated  transition  to 
level  1 (or  vice  versa) . Of  course  is  proportional  to  the 
intensity  of  the  radiation  field  inside  the  optical  cavity. 

1*2  and  are  the  pumping  rates  of  the  upper  and  lower  laser 
levels . 

• • 

Consider  now  a steady-state  situation  such  that  N-^  = N2  = 0 . 
Then  Eqs . (6-1)  and  (6-2)  can  be  combined  to  yield  an 

expression  for  the  population  inversion: 


As  long  as  this  inversion  density  remains  below  the  oscil- 
lation threshold,  the  induced  transition  rate  VT  will  be 
essentially  zero.  N2  - will  be  proportional  to  the 
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pumping  rate  under  these  conditions. 

When  the  pumping  rate  is  increased  to  the  point  where  it 
equals  the  decay  rate,  the  threshold  for  laser  oscillation 
is  attained,  at  which  point  the  small  signal  gain  reaches 
the  value: 


•Vl't  7-TT  9(v» 

8irv  x21 


(6-4) 


= 2L  An  (rir2) 


The  threshold  inversion  density  is  equal  to 


o 2 . 

8irv  t21  1 

(N2“NlJt  = 2 , . 2L  (rlr2)] 

c g (v) 


(6-5) 


Under  steady-state  conditions  N2-Ni  must  remain  equal 
to  the  threshold  value  regardless  of  the  amount  by  which  the 
threshold  pumping  rate  is  exceeded.  Eq.  (6-3)  indicates 
that  this  is  possible  provided  that  is  allowed  to  increase 
once  the  pumping  rate  exceeds  its  threshold  value  u)2Q  ^N2~Nl\:  ' 
Eq.  (6-3)  then  relates  the  electromagnetic  energy  stored  in 
the  resonator  cavity  to  the  pumping  and  relaxation  rates.  We 
may  solve  this  equation  to  obtain  an  expression  for  the 
stimulated  transition  rate  per  molecule: 


8ttv2t 


e g (v) 


2L  ?n^rir2) 


— (1  + 
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(6-6) 


Examination  of  Eq.  (6-6)  shows  that  the  optical  intensity 
(which  is  proportional  to  VT)  may  be  large  if  ^O^IO  is 
small,  if  R1/R2  small,  and  of  course  if  the  upper  level 
pumping  rate  R2  is  itself  large.  Furthermore  the  intensity 
is  reduced  if  the  parasitic  decay  rate  of  the  upper  level 
u>2q  is  large.  The  dimensionless  ratios  ^O^IO  and  Ri//R2  are 
useful  in  determining  which  plasma  conditions  lead  to  a high 
power  output  from  the  laser.  For  the  electron  temperatures 
encountered  in  an  MHD  laser  plasma  we  have  seen  that  direct 
excitation  of  the  symmetric  stretch  mode  is  very  slow;  hence 
R1  is  essentially  zero  in  this  analysis.  The  most  important 
parameter  in  determining  power  output  is  then  a,20//u)10'  t*ie 
ratio  of  collisional  deactivation  rates.. 

In  the  two-vibrational-temperature  model  this  ratio  is 
given  by 


u> 


GJ 


20 

10 


t2 

REL 

t3 

REL 


For  x_  = 0.0165  this  has  the  value  0.04.  With  the  three- 

co2 

vibrational-temperature  theory  the  ratio  has  a different 
definition; 


^20 

"10 


T1 

REL 

t3 

JREL 


This  is  approximately  equal  to  0.76  for  xCQ  = 0.0165.  Then 
the  first  (and  dominant)  term  in  Eq.  (6-6)  comes  out  higher 
by  the  factor  = 4.1  in  the  two-temperature  calculation. 


If  che  C02  mole  fraction  is  roughly  doubled  to  0.03,  this 
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factor  is  reduced  to  1.6.  This  shows  how  important  even  a 
small  increase  in  the  C02  concentration  will  be  in  increasing 
the  lower  level  relaxation  rate  under  the  low  CO 2 conditions 
which  are  mandatory  in  an  MHD  laser.  Furthermore,  if  xCQ 
is  increased  beyond  0.06  the  factor  ^20//w10  reducec*  to 
unity,  indicating  identical  results  from  the  two  kinetics 
models . 

In  Section  5. A it  was  shown  that  when  w20^u10  ■Lar9e 

(corresponding  to  a slow  lower  laser  level  deactivation  rate) 

the  lower  level  population,  if  large  initially,  gets  frozen 

at  a high  value.  This  and  the  gain-equals-Ioss  condition 

imposed  during  laser  oscillation  result  in  a high  upper  level 

population  in  the  cavity.  It  was  also  indicated  that  from 

the  standpoint  of  efficiency,  the  electron  temperature  must 

not  be  too  high.  The  reason  for  this  lies  in  the  fact  that 

the  energy  transfer  rate  from  the  electrons  to  the  various 

neutral  species  in  the  plasma  is  roughly  proportional  to 

T - T.,  T.  being  the  neutral  species  temperature.  A glance 
® J J 

at  a typical  temperature  response  profile.  Figures  9-10  for 

example,  shows  that  the  temperatures  follow  the  hierarchy 

T > T.  > T,  > T > T. 
e 3 1 2 

At  very  high  electron  temperatures  the  elastic  loss  rate, 

proportional  to  T&  - T,  is  significant.  However,  it  decreases 

in  importance  relative  to  the  two  inelastic  loss  rates  as  Tq 

is  lowered.  First  the  bending  mode  pumping  becomes  the 

dominant  electron  energy  loss  mechanism;  then  pumping  of  the 

asymmetric  stretch  mode  takes  over  as  T is  reduced  still 
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further.  That  these  crossover  points  vary  with  Co2  concen- 
tration and  relaxation  rate  is  an  important  point  to  remember 
when  comparing  performance  calculations  for  the  two  kinetics 
models.  The  pumping  efficiency  and  local  efficiency,  which 
are  also  dimensionless  numbers  important  in  characterizing 
laser  performance,  are  plotted  in  Figures  12  and  13  and  should 
be  interpreted  with  this  in  mind.  Although  the  three- 
temperature  model  predicts  considerably  lower  efficiencies 
than  the  two-temperature  theory  for  the  C02  concentration 
indicated  (1.25%),  the  situation  can  be  altered  by  decreasing 
the  electron  temperature  in  the  former  calculation.  This  can 
be  achieved  by  increasing  the  C02  concentration.  Figures  16, 
21,  22  and  23  show  that  raising  to  0.03  results  in 

cc2 

efficiencies  which  are  almost  as  high  as  in  the  two-tempera- 
ture calculations  of  Figures  12-13.  The  same  is  true  of  the 
specific  power  predictions  (compare  Figures  8 and  15) . 

6.2  Optimum  Operating  Conditions 

We  shall  now  discuss  in  greater  depth  the  results  of 
the  parametric  study  of  the  effects  of  various  operating 
conditions  on  laser  performance.  In  Section  5.B  it  was  shown 
that  better  performance  occurs  at  high  values  of  the  stag- 
nation pressure  and  relatively  low  stagnation  temperatures. 

In  order  to  obtain  efficient  transfer  of  the  electron  energy 
to  the  C02  upper  laser  level,  it  is  necessary  that  the 
difference  T - T,  be  on  the  order  of  1000 °K.  At  a Mach 
number  of  4 this  condition  occurs  when  the  CC>2  mole  fraction 


L, 
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is  about  3 percent.  (In  the  two- temperature  theory  a CO2 
concentration  of  1 percent  produces  the  desired  results.  We 


have  seen  that  the  similarity  factor  ^O^IO  rou<?hly  the 
same  in  the  two  cases;  hence  the  equivalent  performance 
calculations) . As  xCQ  is  increased  further  the  electron 
temperature  is  severely  depressed,  and  the  performance 
limiting  mechanism  switches  from  bottlenecking  of  the  lower 
laser  level  to  pumping  of  the  upper  level. 

Let  us  examine  the  physical  characteristics  of  the 

plasma  expansion  with  x n = 0.03.  Figures  36-41  present  the 

LV2 

variations  of  the  important  properties  with  x and  aid  in 
interpreting  the  performance  results.  In  addition  we  shall 
refer  back  to  Figures  14-26.  As  the  fluid  moves  down  the 
channel  and  interacts  with  the  magnetic  field,  the  Mach  number 
and  stagnation  pressure  fall  while  the  static  pressure  and 
temperature  both  increase  (Figures  36-37)  . This  is  a direct 
result  of  the  action  of  the  Lorentz  body  force  over  the  flow 
volume.  These  are  general  characteristics  of  all  the  runs 
made  with  the  simulation  program.  Important  differences  exist 
between  the  results  for  high  and  low  CO^  concentrations. 
Reference  to  Figure  10  indicates  that  for  xCQ  = 0.0125,  laser 


oscillation  ceases  near  x = 0.30.  In  contrast,  for  x 


CO. 


0.03  lasing  occurs  over  the  entire  channel  length  with  a 
fairly  uniform  power  output  distribution. 

This  behavior  can  be  understood  by  referring  to  the 


sequence  of  plots  beginning  with  Figure  16.  • The  higher  C02 
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concentrations  x_n  = 0.03  and  0.04  are  accompanied  by 

2 

increased  inelastic  losses  which  depress  the  electron  temper- 
ature . This  in  turn  results  in  a much  slower  rate  of  growth 
of  the  electron  number  density.  Since  the  ionization 
mechanism  consists  of  electron  impact  with  excited  cesium 
atoms  the  rate  of  ionization  is  lower  in  this  case  because 
the  free  electorns  are  less  energetic  and  there  are  fewer 
cesium  atoms  in  excited  electronic  states.  With  fewer  charge 
carrying  particles  available  in  these  runs  with  higher  CC>2 
concentration,  the  Lorentz  force  interaction  is  less.  Then 
the  buildup  of  the  static  pressure  as  the  flow  moves  in  the 
downstream  direction  is  not  so  great  in  these  cases  (Figure 
18)  . 

The  collisional  deactivation  rates  in  the  CC>2  molecules 
scale  linearly  with  pressure  because  of  the  binary  nature  of 
the  collisions.  This  means  th^c  the  collisional  relaxation 
of  the  upper  laser  level  far  down  the  channel  is  considerably 
greater  for  the  low  CO 2 concentrations.  This  deactivation 
process  is  so  significant  that  eventually  it  reduces  the 
population  inversion  density  below  the  oscillation  threshold; 
hence  in  these  cases  laser  action  terminates  before  the  end 
of  the  channel  is  reached.  For  the  higher  C02  concentrations 
the  pressure  buildup  is  much  slower  and  lasing  never  stops. 

Figure  15  shows  that  the  specific  power  growth  rate  is 

very  nearly  linear  in  x for  a C02  concentration  of  3 percent. 

When  x^0  is  increased  to  4 percent  the  power  production  rate 

begins  to  drop  off  because  T and  n are  too  low,  and  the 
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upper  level  pumping  rate  does  not  increase  as  rapidly  as 
the  deactivation  rate.  For  a mole  fraction  of  0.03  these 


two  competing  rates  are  very  nearly  balanced. 

Connected  with  this  is  the  behavior  of  the  curves  for 
the  upper  and  lower  level  populations  plotted  in  Figures  19- 
20.  The  first  of  these  shows  that  downstream  of  x = 0.35  the 
upper  level  population  is  greater  for  the  higher  CC>2  concen- 
trations. This  is  due  to  the  fact  that  in  these  runs  the 
pressure  is  lower  and  collisional  relaxation  is  not  as  impor- 
tant as  for  the  low-C02-fraction  runs. 

The  lower  level  population  with  x^0  = 0.03  starts  out 

lower  because  of  the  faster  deactivation  kinetics  associated 
with  a high  CC>2  concentration  (Figure  20)  . As  the  pressure 
builds  up  downstream,  lasing  stops  for  the  lower  CC>2  concen- 
trations and  the  lower  level  populations  drop  below  the  curve 
for  xCQ  = 0.03  because  of  the  fast  kinetics  at  the  higher 

pressures.  With  xro  = 0.03  lasing  never  stops  and  the  lower 

U 2 

level  population  is  fed  by  stimulated  transitions  from  the 
upper  level  which  offset  the  increased  deactivation  rate. 

Thus  the  lower  level  population  downstream  in  this  case  is 
greater  even  though  the  relaxation  rate  is  also  greater. 
However,  for  xCQ  =0.04  the  lower  level  relaxation  rate  is 
great  enough  so  that  the  population  of  the  lower  level  during 
lasing  is  below  the  final  asymptotic  value  calculated  for  the 


this  high  that  the  upper  level  pumping  rate  is  reduced  even 

more  than  the  lower  level  relaxation  time. 

For  xc0  = 0.03  the  electron  temperature  has  dropped 

below  2500°K,  so  that  the  relative  elastic  loss  decreases 

and  the  fraction  of  electron  energy  transferred  to  the  upper 

laser  level  increases.  This  results  in  a higher  optical 

efficiency  for  xrn  = 0.03,  and  a higher  local  efficiency. 

2 

The  local  efficiency  measures  the  fraction  of  the  flow 
enthalpy  converted  to  coherent  optical  radiation  output. 

As  indicated  by  Figure  21,  nLOC  lies  between  2.0  and  2.5  per- 
cent for  the  mole  fraction  xrn  = 0.03.  This  is  considerably 

lu2 

higher  than  the  comparable  figure  for  gasdynamic  lasers  and 
comparable  to  the  performance  attainable  with  CC^  'electric 
discharge  lasers. 

Especially  interesting  is  the  behavior  of  the  electro- 
thermal instabilities  when  the  CO 2 concentration  is  high.  The 

2 

evolution  of  the  electron  density  fluctuation  parameter  <n  > 
is  shown  in  Figure  25  for  various  CO  2 concentrations.  There 
is  a very  dramatic  difference  between  the  magnitudes  of  the 
nonuniformities  caused  by  the  instability.  For  low  CO2 
concentrations  (high  nQ)  the  ionization  instability  is  fully 
developed.  For  the  higher  concentrations,  ng  is  considerably 
lower  as  the  seed  is  not  near  the  fully  ionized  condition. 

The  characteristic  length  for  the  development  of  the  electro- 
thermal waves  is  much  greater  than  the  channel  length  in  this 
case . 


139 


2 

Thus  we  see  that  <n  > hardly  changes  from  its  initially 

2 

assumed  value  of  0.05.  In  the  case  of  xCQ  = 0.04,  <n  > 
actually  decreases,  indicating  that  the  instability  is  damped 
for  the  plasma  conditions  in  this  run.  For  x_,  = 0.03,  <n  > 

is  beginning  to  rise  at  the  end  of  the  channel,  coinciding 
with  a rise  in  electon  number  density  (Figure  17)  and 
effective  conductivity  (Figure  26) . While  it  may  seem  some- 
what surprising  that  should  go  up  as  the  plasma  insta- 

bilities develop,  it  should  be  noted  that  the  most  important 
factor  in  determining  electrical  conductivity  is  the  average 
electron  number  density.  For  low  C 0^  concentrations  the 
ionization  mechanism  is  energy- limited , whereas  for  high  CO^ 

fractions  (low  T ) it  is  rate-limited.  In  the  case  of  xp  = 
e 

0.03  the  transition  from  rate-limited  to  energy-limited 
ionization  growth  begins  to  occur  toward  the  end  of  the 
channel.  The  rise  in  ng  produces  an  increase  in  which 

more  than  offsets  the  effects  of  the  instabilities. 

The  fact  that  the  plasma  is  nearly  free  of  spatial  and 
temporal  fluctuations  in  electron  number  density  for  the 
higher  CC»2  concentrations  is  important  from  the  standpoint 
of  gain  medium  homogemeity.  The  far-field  beam  pattern  and 
intensity  are  exceedingly  sensitive  to  nonuniformities  in 
the  gain  medium  of  a laser.  The  fact  that  nonequilibrium  MHD 
generator  plasmas  display  considerable  deviations  from 
uniformity  was  of  some  concern  when  the  MHD  laser  concept  was 
initially  addressed.  However  the  present  analysis  shows  that 
for  the  optimum  lasing  plasma  conditions  which  occur  for 
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relatively  high  CO.,  concentrations , the  MHD  laser  gain  medium 
is  virtually  uniform.  Appendix  B discusses  several  other 
aspects  of  the  medium  homogeneity  question. 

We  have  indicated  in  this  section  that  in  terms  of 
specific  power  output,  efficiency,  and  gain  medium  uniformity 
the  CO ^ mole  fraction  xCQ  = 0.03  is  very  nearly  optimal. 
However,  the  previous  study  by  Lowenstein  predicted  that 
such  a high  concentration  of  C02  was  not  practical  because  of 
the  effects  of  the  quenching  process.  The  discrepancy  between 
these  two  calculations  stems  from  the  fact  that  we  are 
considering  in  the  present  study  relaxation  processes  in  a 
flowing  plasma  to  which  preionization  may  be  applied  (we  assume 
this  to  be  initially  uniform) . 

Figure  34  indicates  that  as  long  as  the  fluid  is  ade- 
quately preionized,  an  appreciable  small  signal  gain  can  be 

obtained  from  the  plasma  even  if  the  CO.,  - Cs  quenching 

-19  2 

cross  section  is  as  high  as  the  7.0  x 10  m assumed  by 
Lowenstein.  If  the  preionization  is  removed,  however,  the 
electron  number  density  gets  frozen  at  a very  low  value  as 
ionization  buildup  never  occurs.  Since  the  pumping  rate  of 
the  upper  laser  level  is  controlled  by  the  free  electron 
number  density,  the  small  signal  gain  is  very  small  or  even 
negative  under  these  conditions.  This  is  in  accord  with 
Lowenstein' s prediction,  which  may  be  viewed  as  the  limiting 
result  of  a more  general  problem  in  which  preionization  of 
arbitrary  degree  is  permitted. 

Once  the  preionization  has  reached  a sufficiently  high 
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level  there  is  little  benefit  in  raising  it  further.  Figure 

32  shows  almost  no  change  in  the  specific  power  output  when 

the  initial  specified  electron  density  is  increased  from  8.5 
13  _3  19—3 

x 10  m to  3.0  x 10  m . The  former  is  the  value  that  was 
employed  in  the  MIT  nonequilibrium  MHD  generator  experiments. 
Thus  the  present  calculations  indicate  that  with  existing 
preionization  techniques,  a fairly  high  small  signal  gain  can 
be  produced  even  if  Lowenstein's  estimate  of  quenching  cross 
section  is  correct. 

Several  computer  runs  were  made  with  a modified  nozzle 
geometry  such  that  the  Mach  number  was  2 at  the  channel 
entrance.  The  stagnation  temperature  and  pressure  were 
reduced  to  81-6°K  and  1.66  atm,  respectively,  in  order  to  keep 
the  cavity  temperature  and  pressure  at  350 °K  and  0.2  atm  as 
in  the  other  calculations.  The  CC>2  mole  fraction  was  varied 
in  the  computer  runs;  successful  results  were  obtained  for 
XCO  = 0.0025,  0.0075,  and  0.010. 

With  the  output  coupling  coefficient  of  the  baseline  case 
laser  oscillation  was  attained  only  in  the  case  of  xCQ  = 0.01. 
As  a result  of  the  low  electron  temperature  on  tnis  run  (less 
than  1500 °K)  ng  and  the  excitation  rate  are  very  small;  hence 
the  output  flux  is  very  low  in  this  case.  While  lasing  did 
occur,  the  conversion  efficiency  was  very  low  for  this  reason. 
Figures  42-44  illustrate  the  variation  of  Gg , , and  ng  on 

these  runs.  They  show  clearly  that  the  concentrations  x^  = 
0.01  and  0.0075  are  too  large  for  this  Mach  number  (M=2) . 
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We  have  already  seen  that  for  CC>2  mole  fractions  less 
than  0.03  the  stimulated  transition  rate  is  limited  by  lower 
level  bottlenecking.  However,  at  this  low  Mach  number  an 
even  tighter  restriction  is  placed  on  the  output  flux  by  the 
pumping  rate  per  molecule.  This  could  be  increased  consider- 
ably by  lowering  the  pressure,  but  this  would  not  remove  the 
limitation  set  by  bottlenecking.  The  simple  fact  is  that  the 
CO ^ MHD  laser  works  best  with  xCQ  = 0.03,  and  to  operate 
with  a CC>2  fraction  this  high  and  still  maintain  a high 
electron  temperature  requires  either  a high  Mach  number  (M=4) 
or  a very  low  cavity  pressure.  Since  the  gain  and  power 
output  both  scale  with  the  C02  number  density,  the  latter 
alternative  is  not  the  way  to  go  in  constructing  a high  power 
device.  Only  by  running  with  a high  Mach  number  and  keeping 
a fairly  high  cavity  pressure  can  the  twin  objectives  of  high 
power  and  high  efficiency  be  met. 

6.3  Comparison  with  Experimental  Results 

The  test  of  a theoretical  model  of  any  physical  process  is 

comparison  of  its  predictions  with  experimental  results. 

Two  recent  sets  of  experiments  are  felt  to  give  fairly 

reliable  data  on  the  gain  and  power  extraction  characteristics 

of  C02  MHD  lasers.  The  first  of  these  is  the  pulsed  gas 

flow,  pulsed  discharge  experiment  conducted  by  Sharma  at 
(12) 

M.I.T.  In  this  apparatus  an  electric  current  was  passed 


J 


down  the  discharge  tube  through  a 1%  C02~99%  He  gas  mixture 
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seeded  with  Cs  at  an  initial  temperature  of  about  400°K. 

A small  signal  gain  of  0,3%/cm  was  measured  under  these 
conditions.  No  attempts  at  power  extraction  were  made. 

Now  the  effects  of  the  slow  lower  laser  level  relaxation 
rate  measured  by  Bulthuis  and  by  Jacobs,  Pettipiece,  and 
Thomas  are  most  pronounced  during  power  extraction.  If  the 
initial  temperature  is  high  and  the  gas  is  expanded  rapidly 
this  slow  deactivation  will  also  have  some  adverse  effect  on 
the  small  signal  gain,  as  indicated  by  Figure  7.  In  the 
experiment  of  Sharma  the  fluid  starts  at  room  temperature, 
and  it  is  not  expanded  significantly,  thus  there  is  no 
vibrational  freezing  of  the  lower  laser  level,  the  effect 
which  produces  the  results  shown  in  Figure  7.  This  and  the 
fact  that  no  power  was  extracted  mean  that  the  full  ramifica- 
tions of  the  slow  deactivation  rate  never  present  themselves 
in  these  test  runs. 

However,  note  that  the  gain  predicted  by  the  numerical 
model  rises  from  0.10-0.15%/cm  for  T^=  2090°K  to  0.20%/cm 
for  Tq=  1800°K.  These  values  are  of  the  same  order  of  magni- 
tude as  the  gain  measured  by  Sharma,  and  it  seems  perfectly 
plausible  that  if  T^  is  reduced  further  the  calculated  small 
signal  gain  will  rise  to  the  measured  value  of  0.30%/cm. 

The  fact  that  a small  signal  gain  of  this  magnitude  was 
measured  in  the  light  of  Lowenstein's  prediction  casts  consi- 
derable doubt  on  the  validity  of  his  large  assumed  quenching 
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cross  section.  Then  in  turn,  his  finding  that  the  quenching 
process  is  the  performance-limiting  mechanism  in  an  MHD 

laser  is  called  into  question.  This  further  supports  the 

* 

findings  of  the  present  study  that  quenching  does  not  really 
present  any  serious  limitation  to  MHD  laser  feasibility. 
Furthermore,  measurements  of  the  gain  decay  rate  in  the  after- 
glow of  Sharma's  discharge  yield  values  of  k_n  which  match 

OO 

closely  the  rates  measured  by  Bulthuis  and  by  Jacobs  et  al. 
Thus  the  present  result  that  the  lower  level  relaxation  rate 
provides  the  most  important  performance  limitation  is  indi- 
rectly confirmed  by  this  experiment. 

The  other  important  laboratory  data  come  from  the 
Russian  experiment  described  in  Ref.  11.  The  apparatus 
used  in  this  series  of  tests  was  fundamentally  different  from 
the  M.I.T.  device  in  that  it  was  designed  for  power  extraction. 
Furthermore,  the  configuration  used  with  cesium  seeding 
featured  a high-subsonic-Mach  number  flow  through  a 4-tesla 
magnetic  field.  Because  the  power  extraction  calculation 
in  the  present  study  is  valid  only  for  an  optical  cavity 
whose  axis  is  transverse  to  the  flow  direction,  and  the 
Russian  experiment  employed  a longitudinal  cavity,  no  direct 
comparison  can  be  made  of  power  extraction.  Instead,  the 
small  signal  gain  was  calculated  and  compared  to  estimates  of 


this  quantity  made  in  Ref.  11. 


The  flow  conditions  in  the  Russian  experiment  are  very 

different  from  those  of  the  baseline  case  in  this  study. 

The  initial  values  of  the  stagnation  pressure  and  temperature 

are  0.03  atm  and  473°K,  respectively.  These  lead  to  a Mach 

number  of  about  0.6  and  an  average  Hall  parameter  in  the 

range  60-70.  The  effective  and  apparent  Hall  parameters  are 

are  much  less  than  this,  being  in  the  neighborhood  of  1. 
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At  the  channel  entrance  the  electron  density  is  2x10  m , 
also  considerably  less  than  in  the  baseline  case.  However, 
the  CC>2  fraction  in  the  Russian  experiment  was  estimated  to 
be  the  same  as  in  the  present  study,  x_n  = 0.01. 

wU  2 , 

Since  precise  determination  of  the  CO^  concentration  has 
proved  to  be  a problem  in  MHD  laser  experiments, 'the  computer 
program  simulating  the  flow  in  the  Russian  device  was  run  for 
both  xpn  = 0.01  and  x = 0.001.  In  the  latter  case  a maximum 

v u 2 ^^2 

small  signal  gain  of  0.02%/cm  was  calculated.  Electron  tempe- 
ratures in  this  case  were  on  the  order  of  3500°K.  This  gain 
is  a factor  of  five  less  than  the  estimate  given  in  Ref.  11, 
so  it  does  appear  that  this  CO^  fraction  (0.001)  is  far  too  low. 

In  the  other  run  with  xCQ  = 0.01  the  maximum  calculated 
gain  was  0.05%/cm.  The  electron  temperature  was  severely 
depressed  at  this  mole  fraction,  ranging  between  1400-1500°K. 
While  the  gain  is  within  a factor  of  two  of  the  experimental 
estimate,  it  appears  that  an  even  higher  value  would  occur 
for  a CO2  concentration  somewhere  between  these  two  extremes. 
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At  this  intermediate  point  the  C02  number  density  would  still 

be  appreciably  higher  than  for  x_  = 0.001,  but  the  electron 

number  density  would  not  be  so  severely  depressed  as  it  is 

for  xCQ  = 0.01.  The  implication  of  this  is  that  the  CC>2 
2 

concentration  in  the  Russian  experiment  may  have  been  less 
than  was  reported. 

Although  it  has  been  stressed  that  the  power  extraction 
calculation  of  the  present  analysis  is  not  valid  for  the 
Russian  optical  cavity,  it  is  nevertheless  tempting  to  compare 
the  calculated  with  the  measured  specific  power  output. 

The  measured  value  of  Pgp  was  about  10  kj/kg.  With  xCQ  =0.01 
the  three-temperature  power  extraction  model  yielded  11.7  kj/kg 
for  the  baseline  case  conditions,  while  the  two- temperature 
theory  predicted  97.5.  This  dramatic  discrepancy  in  the 
calculation  of  the  basic  power  available  from  the  plasma, 
and  the  proximity  of  the  three-temperature  result  to  the 
measured  value,  further  reinforce  our  adoption  of  the  new 
kinetic  model. 


6.4  Conclusions 

A number  of  new  features  of  MHD  laser  plasma  behavior 
have  come  to  light  as  a result  of  the  present  research 
program.  The  most  important  finding  is  that  lower  level 
bottlenecking  is  the  mechanism  which  limits  laser  performance. 
This  statement  is  subject  to  the  qualification  that  the  fluid 
must  be  adequately  preionized.  This  means  that  a sufficient 
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number  of  electrons  must  be  provided  and  that  they  must  be 
distributed  uniformly  throughout  the  flow  volume  by  proper 
spreading  of  the  discharge. 

Most  of  the  experimental  data  which  led  to  the  adoption 
in  the  present  study  of  the  three-vibrational  temperature 
model  was  unavailable  when  the  previous  analytical  MHD  laser 
studies  were  performed.  The  use  of  a two- temperature  model 
led  to  much  higher  photon  emission  rates  in  these  older 
calculations,  as  well  as  higher  efficiencies.  However,  it 
has  been  shown  in  the  present  work  that  if  the  C02  concentra- 
tion is  increased  to  the  3%  range,  practically  interesting 
output  fluxes  and  efficiencies  should  be  attainable. 

Since  the  effects  of  the  lower  level  bottlenecking 
become  most  apparent  during  power  extraction,  small  signal 
gain  experiments  at  low  gas  temperatures  cannot  convincingly 
demonstrate  whether  this  mechanism  really  controls  laser 
behavior.  However,  comparison  of  specific  power  calculated 
from  the  two  competing  kinetic  models  with  that  measured  in 
the  Russian  experiment  strongly  supports  the  three-temperature 
theory.  In  addition,  gain  decay  rates  measured  in  Sharma ' s 
MHD  laser  plasma  are  very  close  to  the  ones  reported  by 
Bulthuis  and  others  which  serve  as  the  basis  for  the  present 
model . 

The  exact  nature  of  the  bottlenecking  step  remains 
unclear.  If  it  is  the  02°0-01'0  transition  as  we  have 
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postulated,  then  a curious  phenomenon  is  implied.  This  is 
disequilibrium  between  the  energy  levels  of  the  bending 
vibrational  mode.  It  is  generally  assumed  that  intramode 
energy  transfer  rates  are  extremely  rapid,  producing  Boltzmann 
population  distributions  for  the  energy  levels.  However,  the 
experimental  measurements  of  Jacobs,  Pettipiece,  and  Thomas 
reveal  that  the  02°0-01'0  transition  is  indeed  the  bottleneck. 
This  in  turn  implies  intramode  nonequilibrium. 

It  is  interesting  to  compare  the  performance  of  the  CO^ 
MHD  laser  with  that  of  other  high  energy  CO^  lasers.  The  most 
highly  developed  of  these  is  the  gasdynamic  laser  (GDL) . 
Specific  powers  from  these  devices  range  from  1 kj/kg  for  a 
first-generation  machine  to  5 kj/kg  for  a laser  of  the  second 


generation . 


(23) 


Neither  of  these  compares  favorably  with  the 


12  kj/kg  calculated  here  for  the  baseline  case  (and  measured 


by  Biberman,  et  al. 
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) , not  to  mention  the  6 0 kj/kg  predicted 


for  xrn  = 0.03.  The  best  GDL  efficiencies  lie  between  0.5 
lu2 

and  1.0  percent,  which  is  comparable  to  the  local  MHD  laser 
efficiency  calculated  for  x^Q  = 0.01.  When  the  C02  mole 
fraction  is  increased  to  0.03  the  local  efficiency  rises  to 
about  2.0%,  which  exceeds  the  best  GDL  performance. 

The  C02  electric  discharge  laser  offers  higher  efficiency 
and  higher  specific  power  than  the  gasdynamic  laser.  About 
10  kj/kg  can  be  obtained  from  one  of  these  devices,  with  a 


conversion  efficiency  of  20%  of  the  eletrical  energy  to  laser 
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radiation.  However,  to  get  the  total  efficiency  one  must 

multiply  this  by  factors  accounting  for  losses  arising  during 
power  generation  and  power  conditioning.  An  overall  efficiency 
of  5-7%  results.  Comparing  these  figures  with  those  for  an 

MHD  laser,  we  may  conclude  that  the  latter  is  best  suited  for 

/ 

applications  which  require  more  power  than  an  EDL  can  deliver. 
The  conversion  efficiency  of  2-3%  of  the  thermal  energy  to 
laser  radiation  is  fairly  high.  However,  for  lower  power 
applications  within  range  of  the  EDL  capability  the  MHD  laser 
cannot  compete  with  the  higher  efficiency  of  its  competitor. 

6.5  Suggestions  for  Future  Work 

The  major  finding  of  this  investigation  that  the  power 
extraction  from  low-CO^-concentration  lasers  is  limited  by 
bottlenecking  was  made  possible  by  a number  of  recent  experi- 
mental measurements  of  the  lower  level  relaxation  rate. 
However,  there  is  still  considerable  ambiguity  as  to  the 
exact  details  of  the  collisional  deactivation  mechanism. 
Further  basic  research  in  this  area  is  warranted,  especially 
since  the  question  of  whether  a 9.6  micron  laser  is  subject 
to  the  same  bottlenecking  mechanism  is  still  largely 
unanswered.  Only  the  JPT  experiment  offers  any  evidence. 

If  the  JPT  result  is  confirmed,  a more  complete  explanation 
than  that  offered  here  for  the  intramode  nonequilibrium 
should  be  forwarded. 
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The  implications  of  this  slow  lower  laser  level  relaxa- 
tion rate  are  important  not  only  for  magnetohydrodynamic 
lasers,  but  also  for  high-pressure  C02  gasdynamic  lasers 

to 

which  must  operate  in  a so-called  "C02-starved"  mode  to  avoid 
deactivation  of  N2«^^  Indeed,  the  measurement  of  the  small- 
signal  gain  in  a gasdynamic  laser  with  99%  He-1%  CC>2  composi- 
tion represents  a direct  method  of  checking  the  slow  lower 
level  deactivation  rate.  If  the  gas  starts  out  hot  the  lower 
level  population  should  become  frozen  along  with  that  of  the 
upper  laser  level.  Then  no  gain  (and  no  laser  oscillation) 
is  possible. 

To  improve  on  the  power  extraction  capability  of  the 

MHD  laser  it  is  desirable  to  find  ways  to  increase  the  lower 

level  relaxation  rate.  In  conventional  C02  lasers  either 

He,  H20,  or  H2  is  added  to  hasten  this  process  through 

collisions.  However,  these  gases  interact  strongly  with  only 

the  01' 0 level  of  the  bending  mode.  In  the  MHD  laser  a gas 

is  required  which  returns  molecules  in  the  10 °0  level  directly 

to  the  ground  state.  It  has  been  reported  that  Xe  is  just  as 

(49) 

effective  as  CC>2  in  deactivating  the  10°0  level.  If  this 

is  true,  significant  quantities  of  Xe  could  be  added  without 
upsetting  the  energy  balance  in  the  plasma.  Further  experi- 
mental studies  are  required  to  determine  precisely  the  effects 
of  Xe  (and  other  gases)  on  the  deactivation  rate  of  C02(10°0). 
Once  these  new  rates  are  determined  they  can  be  incorporated 

into  the  present  numerical  model. 
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Finally,  the  MHD  laser  concept  should  not  be  restricted 


to  using  CC>2  as  the  lasing  gas.  The  limitations  that  have 
been  discovered  in  C02  MHD  laser  performance  do  not  apply  to 
other  gases.  However,  the  CC>2  molecular  gas  laser  is  a proven 
performer  for  high-energy,  high-efficiency  applications. 

The  versatility  of  the  concept  is  demonstrated  by  the  variety 
of  excitation  mechanisms  which  have  so  far  proven  successful. 
The  present  study  indicates  that  the  MHD  pumping  concept  may 
be  added  to  this  list. 
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APPENDIX  A 


CALCULATION  OF  THE  OPTICAL  INTENSITY 

The  technique  used  to  determine  the  radiation  intensity 
I is  valid  for  an  oscillator  cavity  with  planar  mirrors  aligned 
transverse  to  the  flow  direction.  For  such  a situation  the 
number  of  photons  gained  by  a wavefront  moving  across  the  cav- 
ity must  equal  the  number  of  photons  leaving  the  cavity 
through  the  output  coupling  mirror.  This  is  expressed  mathe- 
matically by  the  gain  restriction  equation  for  an  oscillator, 
the  derivation  of  which  may  be  found  in  most  quantum  elect- 
ronics  texts  (for  example  reference  27): 

gOSC  = 2L  ln  (ri  r2}  (A-l)  ] 

where 

gOSC  = saturated  gain  in  the  oscillator  cavity 

L = cavity  width  (distance  between  mirrors) 

T1>  v 2 = mirror  reflectivities 

This  expression  is  homogeneous  in  the  radiation  inten- 
sity. However,  it  is  not  independent  of  the  intensity,  as 
the  intensity  alters  the  gain  by  its  presence  in  the  CC^ 
vibrational  energy  equations  such  that  (A-l)  is  satisfied.  Be- 
cause the  radiation  field  adjusts  to  changes  in  the  pumping 
and  deactivation  rates  on  a very  rapid  time  scale  (equal  to 
the  cavity  width  divided  by  the  speed  of  light)  the  gain 
restriction  equation  is  valid  even  for  an  MHD  plasma  subjected 


153 


r 

to  electrothermal  waves.  This  is  because  the  time  scale  for 
the  growth  of  these  instabilities  is  much  longer  than  that  for 
radiation  field  adjustments. 

The  saturated  gain  in  the  oscillator  cavity  is  seen  to 
depend  only  on  the  optical  properties  of  the  mirrors  and  their 
geometric  spacing,  not  on  the  properties  of  the  plasma.  As 


the  fluid  moves  down  the  channel,  laser  oscillation  cannot 


begin  until  the  local  value  of  the  small  signal  gain  gQ  has 
built  up  to  the  value  gQSC  given  by  Equation  (A-l) . From  this 
point  on  the  saturated  gain  g will  remain  constant,  if  the 
cavity  properties  do  not  change.  We  then  have  the  condition 


S - 0 


(A-2) 


in  the  optical  cavity. 

Now  g is  in  fact  a function  of  the  thermodynamic  proper- 
ties of  the  gas,  which  vary  with  x (as  does  the  intensity  I). 
We  can  rewrite  this  equation  as 


~ dE,  ^ 

±3.  1 + £ 

9E1  dx  3E3 


dE 


3 
dx 


= 0 


(A-3 ) 


where 


dEL 

dx 


- ‘as  <uad  ei’  - ad  ei  i - UEi  ^r> 


(A-4 ) 


dE 


3 
dx 


,UAD  e3» 
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- UE 


dA 

D 

3 dx 


(A-5 ) 


In  these  last  two  equations,  the  first  term  on  the  right 


hand  side  is  just  the  RHS  of  the  vibrational  energy  equation 


for  Mode  1 or  Mode  3 of  the  CC>2  molecule.  We  may  write  these 


in  symbolic  form  as 


3Z  (uad  ei>  ‘ “i  + V 


(A-6! 


E (DAD  V * B1  + "a1 


(A-7 ) 


where 


E1(T1}  " E1(T2) 


1REL 


(v3-v1)  2L  ln  (rl  r2) 


E3(Te}  ~ E3(T3)  E3 (T3 ) - E3(T2) 


T 3REL  D 


;3  , *D 


*2  = 2T  ln  (rl  r2> 


Then  we  may  rewrite  equations  (A-4)  and  (A-5)  in 


symbolic  form: 


dEl 

1 A . A 

-3 — = a,  + a_I 

dx  12 


(A-8) 


-d  = + S2X 


(A-9) 


where 


u5^  <°1  -ad  e1  § 


dA 

UEi  ssr] 


a. 


a. 


UA_ 


8i 


(81  - *D  E3  I 
82 

82  UAD 


UE, 

3 dx 


At  this  point  we  can  substitute  (A-  8)  and  (A-9)  into 
(A-3 ) to  obtain 

r§l  <“i  + “211  + £§i  lBi  + - 0 

Solving  for  I: 


8 


+ a," 


1 9E 


1 3 E, 


I = - 


- 3 g . - 3 g 

°2  dj  + “2  3^ 


(A-ll ) 


This  is  the  desired  expression  for  the  optical  intensity.  It 
is  calculated  at  each  value  of  x in  the  numerical  integration 
once  the  flow  properties  have  been  determined.  I is  then  used 
in  the  evaluation  of  derivatives  for  the  next  integration  step. 
The  two  derivatives  and  are  given  by  application 

u v E ^ 

of  the  chain  rule  for  partial  derivatives: 
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(A-19) 


hv. 


kT. 


hv3/kT3 


e 

hv3/kT3 


This  completes  the  set  of  expressions  which  we  need  to 
calculate  the  optical  intensity  I.  It  should  be  noted  that  in 
Equations  (A-14)  and  (A-15)  the  assumption  has  been  made  that 
the  rotational  energy  transfer  rate  is  rapid  enough  to  main- 
tain a Maxwellian  distribution  of  rotational  energy  levels 
during  lasing.  This  means  that  all  the  energy  in  the  CO 2 
(00°1)  vibrational  level  may  be  converted  to  optical  radiation. 


■ 
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APPENDIX  B 


I 


EFFECTS  OF  PLASMA  NONUNIFORMITIES  ON 
OPTICAL  OUTPUT 


The  performance  of  any  high  energy  gas  laser  depends 
critically  on  the  homogeneity  of  the  gain  medium.  Density 
nonuniformities  in  the  fluid  can  lead  to  local  variations  in 
the  index 'of  refraction.  These  in  turn  produce  relative 
phase  shifts  in  the  laser  beam  as  it  traverses  the  medium 
which  could  have  deleterious  effects  on  the  far  field  mode 
pattern.  Nonuniformities  in  a supersonic  flow  laser  arise 
from  shock  waves,  boundary  layer  effects,  heat  release  ac- 
companying lasing,  and  turbulent  fluctuations.  Previous 
analyses  have  treated  the  effects  of  density  inhomogeneities 


due  to  these  mechanisms  on  the  far  field  intensity  of  the 
laser. (67-69) 


Most  of  these  fluid  dynamics -related  dephasing  phenomena 
are  also  present  in  the  MHD  laser  flow.  In  addition,  some  new 
effects  arising  from  the  ionization  instability  can  be  of 
importance  in  this  device.  The  ionization  instability  pro- 
duces alternating  zones  of  high  and  low  electron  number  density. 
These  spatial  nonuniformities  in  the  population  of  charged 
particles  can  affect  the  optical  output  in  several  ways. 

First,  the  index  of  refraction  can  vary  locally  because  of 
fluctuations  in  the  polarization  caused  by  the  nonuniformities 
in  ng.  Also,  since  the  electron  pumping  rates  depend  on  both 
Tg  and  ng,  local  variations  in  the  latter  two  quantities  can 
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lead  to  spatial  nonuniformities  in  the  small  signal  gain  and 
the  saturation  intensity. 

The  index  of  refraction  in  an  ionized  gas  is  given  by 


o)2 

1 --V 

b> 


(B-l) 


where 


o> 


and 


w. 


v 

3¥ 


4.63  x 10 

4rrn  e2 
e 

m 


12 


for  10.6  micron  radiation 


= plasma  frequency 

The  plasma  frequency  h?.s  its  maximum  value  in  areas  where  n 

e 

is  high;  its  minimum  value  occurs  in  regions  of  low  n . Then 

e 

the  maximum  variation  of  the  refractive  index  over  the  distance 
of  one-half  wavelength  of  the  instability  is  given  by 


Ah.  = 


UMAX  " Uo 


(B-2) 


where  yMAX  is  evaluated  at  and  yQ  is  calculated  at 

(ne^  min  * Variations  in  ng  across  the  instability  wavefront 
in  a nonequilibrium  MHD  device  are  on  the  order  of  100%.  For 

(ne)MIN  = 1q19  m~3  and  (ne>MAX  = 2(ne)MIN  we  have 


(B-3 ) 
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Let  us  compare  this  with  the  variation  in  the  index  of 
refraction  due  to  density  inhomogeneities.  The  refractive 
index  in  a neutral  gas  is  given  by 

V = 1 + Kp  (B-4 ) 

where  p = gas  density 
and  K = Gladstone-Dale  constant 
= 2.02  x 10'4  mJ/kg  for  He 

The  relative  variation  in  u across  the  boundary  of  an  inhomo- 
geneity is  then 

An  _ KAp  /n  -Ci 

s;  <B5) 

For  a density  perturbation  of  1%  which  is  rather  typical  of 
conventional  cavities,  is  approximately  10  8.  This  is  five 
orders  of  magnitude  greater  than  the  typical  variation  due  to 
ionization  instabilities.  Since  the  above  expression  is  linear 
in  the  gas  density,  one  can  easily  show  that  the  variation  Ap 
would  have  to  be  reduced  to  10  before  refractive  index 
fluctuations  due  to  electrothermal  waves  become  comparable  in 
importance . 

The  ionization  instability  has  a plane  wave  structure. 

It  has  been  shown  to  propagate  along  a wave  vector  perpendi- 
cular to  the  wave  fronts  with  a direction  relative  to  the  mean 
current  vector  given  by  Eq.  (3-38)  : 
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(B-6) 


Here  t is  the  tangent  of  the  angle  between  the  current  and  wave 
propagation  vectors.  This  is  the  direction  along  which  the 
growth  rate  of  the  instabilities  is  maximum.  It  represents  a 
preferred  direction  for  the  propagation  of  these  electrothermal 
waves.  The  result  is  a striated  plasma  as  shown  in  Figure  45. 
Regions  of  high  electron  density  appear  as  sheets  perpendicular 
to  the  direction  of  motion,  and  similarly  for  regions  of  low 

ne* 

The  equation  of  radiative  transfer  is  still  valid  in 
the  nonuniform  plasma,  but  we  must  be  careful  in  interpreting 
the  terms : 


dl 

dy 


(N2  - Nl) 


c2<^(v) 
8«v  Tsp 


(B-7) 


Rearranging  and  integrating,  we  get: 


/ (N  - N ) C dy' 

J TSP 


I (y)  = I(o)  e 


(B-8 ) 


If  N2  and  were  constant  we  could  write 


I(y)  = I(o)  e 


Gy 


(B-9 ) 
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closely  approximated  by  a square  wave  whose  peak  was  0.4 
wavelengths  long  and  whose  valley  was  0.6X  in  length.  This 
considerably  simplifies  the  present  problem.  Since  the  elec- 
tron number  density  has  essentially  only  two  values  (a  high 
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and  a low  one) , so  does  the  quantity  (N_  - N, ) . If  (N  - N ) 

& 1 H 

represents  the  value  of  the  population  inversion  evaluated  at 
the  peak  value  of  ng  and  (N2  - N^)L  t^le  inversi°n  density 
calculated  with  the  minimum  value  of  ne,  we  may  then  write  the 
small  signal  gain  as 


G = | t «2  - N )" 

n=l  8ttv  Tgp 

“ (N  - N ) - 22(^-  (0.4L) 

2 1 H 8ttv2t_ 


Under  conditions  where  the  electrothermal  waves  are  not  square 
and  steep-edged,  but  closer  to  sinusoidal,  the  above  assumption 
breaks  down.  We  then  have  to  evaluate  (N2  - N^)  at  more  than 
just  two  values  of  nQ. 

This  analysis  and  Eq.  (B-ll)  in  particular  are  valid  for 

arbitrary  orientations  of  the  optical  axis  as  long  as  the 

disturbance  wavelength  is  much  less  than  the  mirror  separation 

(except  for  the  situation  where  the  wave  vector  is  perpendicular 

to  the  optical  axis  and  there  is  no  obliquity  of  the  rays  with 

respect  to  the  striation  layers) . We  can  see  that  this  is  true 

by  noting  that  the  number  of  peaks  a light  ray  passes  through 

is  r?  t L — tv  where  0 is  the  angle  between  optical  axis  and 
(A/cos  9)  r 

L 

wave  vector.  Then  a light  ray  passes  through  (x/cos  9) 
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troughs.  The  total  distance  traveled  through  regions  of  high 
electron  number  density  is  thus  given  by 


TWos"  6)  (0‘4  X/cos  9)  * °-4L 

Similarly  the  distance  traveled  by  a ray  through  regions  of 
low  electron  density  is  q}  (0.6  A/cos  0)  = 0.6L. 

In  a nonequilibrium  MHD  plasma  similar  to  that  in  an  MHD  laser 
Grove  measured  a wavelength  of  0.014  m for  the  electro- 
thermal waves.  This  is  about  forty  times  smaller  than  the 
width  of  the  cavity,  so  indeed  Eq.  (B-ll)  is  usually  valid. 
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COMPUTER  PROGRAM  LISTING 
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Figure  3.  CO,  ENERGY  LEVEL  DIAGRAM 
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Figure  4.  RELATIONSHIP  OF  PHYSICAL  PROCESSES  IN  AN  MHD  LASER. 
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(a)  VARIATION  WITH  H20  DENSITY 


(b)  VARIATION  WITH  C02  DENSITY 

Figure  5.  INVERSE  OF  LASER  RADIATION  DECAY  TIME. 
(After  Ref.  60) 


Figure  6.  CALCULATED  SMALL  SIGNAL  GAIN  FOR  TWO-  AND  THREE-TEMPERATURE  MODELS 
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EFFECT  OF  LOWER  LEVEL  RELAXATION  RATE  ON  SPECIFIC 
POWER  GROWTH  (x_n  =0.0125), 


FIELD  ON 


TEMPERATURE  RESPONSE  PROFILE,  TWO-TEMPERATURE 
MODEL  ( x = 0.0125K 


Figure  11.  EFFECT  OF  LOWER  LEVEL  RELAXATION  RATE  ON  FRACTIONAL 
ELECTRICAL  POWER  TRANSFER,  x„  = 0.0125. 
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Figure  14.  EFFECT  OF  CO-  CONCENTRATION  ON  OPTICAL  OUTPUT  (M 
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EFFECT  OF  CO~  CONCENTRATION  ON  LOWER  LASER  LEVEL 


Figure  22.  EFFECT  OF  C02  CONCENTRATION  ON  OPTICAL  EFFICIENCY  (M 


Figure  23.  EFFECT  OF  C02  CONCENTRATION  ON  FRACTIONAL  POWER  TRANSFER 
TO  UPPER  LASER  LEVEL  (M  = 4) 


Figure  26.  EFFECT  OF  CO~  CONCENTRATION  ON  EFFECTIVE 
CONDUCTIVITY ^OF  PLASMA 
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EFFECT  OF  STAGNATION  PRESSURE  ON  INTRACAVITY  FLUX 
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Figure  28.  EFFECT  OF  INITIAL  STAGNATION  TEMPERATURE  ON  OPTICAL 
OUTPUT 
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Figure  29.  EFFECT  OF  INITIAL  STAGNATION  TEMPERATURE  ON  UPPER  LASER 
LEVEL  POPULATION  = 0.01) 
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Figure  31.  TEMPERATURE  RESPONSE  PROFILE,  THREE- 
TEMPERATURE  MODEL 
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Figure  34.  EFFECT  OF  QUENCHING  ON  SMALL  SIGNAL  GAIN  COEFFICIENT 
WITH  PREIONIZATION  (n  = 8.5*10l-8  m-3) 
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Figure  35.  EFFECT  OF  QUENCHING  ON  ELECTRON  TEMPERATURE g 

PROFILE  WITH  PREIONIZATION  (n  = 8.5  * 10 
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Figure  37.  EVOLUTION  OF  STATIC  PRESSURE  AND  TEMPERATURE 


Figure  41.  EFFECT  OF  LASING  ON  UPPER  AND  LOWER  LEVEL  POPULATIONS 


.10 


TEMPERATURE  (M 


Figure  44.  EFFECT  OF  C0o  CONCENTRATION  ON  ELECTRON  NUMBER  DENSITY 


* 


Figure  45.  ORIENTATION  OF  ELECTROTHERMAL  WAVE  STRIATIONS 
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Experimental  Investigation  Of  The  Physical  Processes 
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I.  INTRODUCTION 


1.1  MHD  Laser  Concept 

The  MHD  laser  is  a non-equilibrium  MHD  generator  in  which  the 
electron  gas,  one  of  the  constituents  of  its  characteristic  two 
temperature  plasma,  is  used  to  produce  a population  inversion  in  a 
molecular  additive,  such  as  CO^.  The  Joule  dissipation,  which  main- 
tains the  electron  temperature  well  above  that  of  the  carrier  gas,  is 

a measure  of  the  pumping  power  of  the  laser,  and  can  be  as  large  as 

3 

500  watts/cm  , which  suggests  the  possibility  of  very  high  lasing  power 
densities. 

The  device  has  several  appealing  features.  As  the  electric  power 
generated  by  the  MHD  process  is  delivered  locally  to  the  molecular  gas, 
entirely  within  the  flow,  there  is  no  need  to  take  high  electrical 
power  out  of  the  source,  and  in  turn  put  it  back  into  a gas  discharge. 
This  eliminates  many  uncertainties  stemming  from  power  conditioning  and 
from  electrode  phenomena  inherent  to  electric  discharge  lasers. 

Further,  the  high  speed  flow  which  appears  to  be  essential  for  the 
removal  of  waste  heat  in  high  power  lasers  is  an  intrinsic  feature  of 
the  MHD  laser.  The  process  for  inversion  production  being  essentially 
local,  there  is  a chance  of  achieving  more  uniform  gain,  hence  better 
beam  quality  than  In  externally  excited  devices.  Unlike  gasdynamic 
laser,  the  inversion  may  be  extended  to  a much  larger  length  along  the 
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flow  providing  more  active  volume  for  power  extraction,  and  hence 
higher  output  power  per  unit  of  mass  flow,  ( > 12  KJ/kg) . 

The  overall  efficiency  of  MHD  lasers  as  a device  capable  of 
converting  thermal  energy  into  optical  energy  has  been  placed  by  many 
estimates  (7.12)  between  2-3%,  much  higher  than  that  of  even  second 
generation  gasdynamic  lasers.  This  value  is  competitive  even  with  the 
^ 10%  efficiency  of  electrical  to  optical  conversion  of  gas  discharge 
lasers  (high  power  > 50  KW) , when  the  efficiency  of  the  electrical  power 
system  (thermal  to  electrical  conversion  and  power  conditioning)  is 
taken  into  account. 

Due  to  the  above  mentioned  attractive  features  of  MHD  lasers  several 
feasible  studies  have  been  undertaken  over  a period  of  almost  a decade, 
but  with  controversial  results. 

1.2  Review  of  Previous  Work 

Successful  operation  of  a non-equilibrium  MHD  generator  depends 
upon  minimizing  electronic  energy  losses  to  the  working  fluid,  which 
has  therefore  usually  been  selected  from  the  monatomic  gases. 

When  molecules  are  added  to  the  fluid  for  laser  operation,  a significant 
fraction  of  electronic  energy  is  lost  to  the  internal  storage  modes  of 
the  former,  for  example  the  loss  factor  6 for  CO^  is  about  5000.0 
compared  to  the  loss  factor  of  2.0  for  He.  Thus  the  addition  of 
molecular  species  could  impair  the  non-equilibrium  heating  of  electrons. 
Since  a selective  excitation  of  laser  levels  is  imperative  for  creation 
of  an  inversion,  which  in  turn  in  the  case  of  MHD  lasers  depends  upon 
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the  properties  of  the  electron  gas,  a question  is  raised  whether  the 

non-equilibrium  generator  can  serve  as  an  effective  laser  pumping  source. 

In  1969  effects  of  molecular  additives  (CO, N^)  on  non-equilibrium 

1-2 

generator  performance  were  studied  by  Kerrebrock  and  Draper  using 

the  MIT  experimental  generator.  Excitation  of  vibrational  levels  to 

near  equilibrium  with  the  electron  gas  was  achieved.  In  an  He  + Cs  + CO 

plasma,  CO  (6=460)  mole  fractions  up  to  0.2%  did  not  make  any  noticable 

change  in  the  collisional  losses  and  at  electron  temperatures  above 

2200°K.  T ..  to  T was  achieve'’ . As  the  mole  fraction  of  the  molecular 
vib.  e 

gas  was  increased,  the  inelastic  losses  became  effective  and,  as 
expected,  a drop  in  electron  temperature  was  observed,  however,  the 
equilibration  of  Tyib  to  Te  were  achieved  even  at  mole  fraction  of  1%, 
provided  the  electron  temperatures  were  close  to  3000°K.  With  proper 
estimates  of  achievable  electron  temperature,  the  molecular  mole  fraction 
which  may  be  permitted  to  be  injected  into  a non-equilibrium  generator 
without  degrading  its  performance  may  be  extrapolated  to  values  as  large 
as  a few  percent. 

In  years  to  follow  several  theoretical  and  experimental  investiga- 
tions were  conducted.  First  experimental  studies  were  performed  at  the 

6-8 

United  Aircraft  Research  Laboratories.  In  a supersonic  MHD  channel 
(velocity  'V  3000  m/sec)  small  signal  gains  up  to  0.15%cm  ^ were  measured, 
but  efforts  to  extract  optical  power  from  an  oscillator  were  inconclusive. 
It  was  mentioned  that  due  to  probably  the  decomposition  of  insulating 
material  at  high  temperatures,  the  inversion  was  poisoned  by  foreign 
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organic  compounds,  and  laser  oscillations  of  even  He  + Ne  mixture  were 
not  realized.  The  analytical  model  produced  by  the  group  assumed  a 
fully  turbulent  plasma  with  respect  to  ionization  instabilities. 

Also,  the  model  utilized  the  CO^  relaxation  data  available  in  1970. 

It  predicted  that  approximately  20%  of  the.  Joule  dissipation  power  could 
be  converted  into  optical  power,  with  an  overall  thermal  to  optical 
conversion  efficiency  of  about  5%. 

Zauderer  et  al  at  the  General  Electric  Company  measured  a relatively 

high  small  signal  gain  exceeding  0.2%cm  ^ using  a mixture  composed  of 

78%  He,  18%  Ar,  and  4%  CO^  with  either  3-5%  Xe  or  0.1%  Cs.  In  these 

experiments  external  voltage  augmentation  was  required  to  maintain  the 

discharge.  The  author  claimed  that  for  the  laser  to  work  the  CO^  mole 

fraction  must  be  much  larger  than  the  Cs  mole  fraction,  if  most  of  the 

CO^  population  were  to  be  kept  unreacted  with  Cs.  However,  the  ratio 

3 

f ^ Cs  W3S  on^y  ^ compared  to  n,  3x10  as  value  quoted  by  other 

2 5-12 

investigators.  A light  scattering  measurement  showed  that  the 

Cs  concentration  dropped  by  a factor  of  5 to  7 due  to  CO^-Cs  chemical 
reaction.  No  efforts  to  extract  laser  power  were  made. 

In  1977  Biberman^et  al.  at  the  Institute  of  High  Temperatures  of 
the  USSR  Academy  of  Sciences  reported  the  results  of  both  experimental 
and  theoretical  investigations  of  MHD  lasers.  A short-circuited  segmented 
MHD  channel  with  constant  cross  section  was  used  in  the  experimental  study 
and  was  operated  in  pulsed-raode.  In  a 4.0  tesla  magnetic  field  self- 
sustained  discharge  was  maintained  in  a laser  mixture  of  1%  CO2  + 0.001%  Cs 
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in  He  at  a pressure  of  15  torr.  In  the  MHD  induced  discharge  mode  laser 
oscillations  were  established  and  a laser  power  density  of  10  KJ/kg  was 
recorded.  With  the  estimate  of  losses  in  the  salt  Brewster  windows 
(due  to  pollution  by  Cs  - CO)  placed  at  n,  20%,  the  small  signal  gain  was 
computed  to  be  0.3%cm  Laser  oscillations  were  not  recorded  in 
every  experiment  due  to  deterioration  of  the  windows,  and  to  avoid  this 
problem  the  investigators  substituted  Xe  as  the  seed  and  ran  the  tests 
in  a supersonic  channel.  The  discharge  in  this  case  was  not  self- 
sustained  and  an  external  voltage  was  required.  The  small  signal  gain 
was  measured  to  be  0.35%cm  ^ (3%  Xe  and  6%  CC^)  with  power  density 
falling  in  the  same  range  as  before  (lOkW/kg/sec) . 

In  theoretical  work  of  Biberman  et  al.  it  was  assumed  that,  due  to 
the  Fermi-resonance,  a strong  coupling  between  the  symmetric  stretch  mode 
and  the  bending  mode  existed.  Based  on  the  model  gain  and  intracavity 
laser  intensity  was  calculated,  from  which,  if  extrapolated,  value  of 
the  saturation  intensity  at  125  torr  pressure  (1.4%  CO^)  is  found  to  be 
6kW/cm^. 

At  MIT  over  a period  from  1969  to  1978  various  aspects  of  MHD  lasers 
were  studied  by  several  investigators^ ^ Lowenstein^  while  construc- 
ting a theoretical  model  of  MHD  laser  plasmas  investigated  the  effect  of 

quenching  of  excited  Cs  atoms  by  CO^  molecules  on  the  laser  performance. 

3 

Mnatsakanyan  studied  this  quenching  phenomenon  for  an  N^,  and  Cs 
plasma.  His  results  indicate  that  a molecular  mole  fraction  of  less 
than  one  percent  can  be  responsible  for  severe  depopulation  of  the 
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excited  bound  states  and  hence  cause  a sharp  decrease  in  the  electron 
number  density.  Extending  the  work  of  Mnatsakanyan  and  Shawf  Lowenstein 
made  an  effort  to  calculate  the  effects  of  collisions  with  C02  on  the 
bound  state  populations  of  Cs.  The  inelastic  losses  due  to  CO^  - Cs 
encounters  tend  to  disturb  the  bound  electron  equilibrium  distribution 
and  the  magnitude  of  this  perturbation  can  be  obtained  by  comparing  the 
rate  of  depopulation  of  the  first  excited  states  of  Cs  by  CO^  - Cs 
collisions  with  the  rate  of  excitation  of  the  first  state  by  electrons. 
The  balance  between  the  depopulation  rate  and  the  excitation  rate 
determines  the  number  density  of  electrons.  The  "quenching  section" 
which  is  required  to  compute  the  rate  of  depopulation  of  the  first  state 

by  encounter  with  C02  molecules  has  never  been  measured.  In  his 

° 2 

calculation  Lowenstein  assumed  a value  of  '/0  A which  is  very  close  to 

the  value  for  Cs  - N2  quenching.  The  analysis  indicated  upper  limit  of 

allowable  C0„  mole  fraction  in  the  MHD  laser  n /n  < 100.  He 
2 C02  e 

predicted  that  at  a Cs  mole  fraction  of  0.001%  the  maximum  small  signal 
gain  (0.02%cm  would  occur  at  a CO^  mole  fraction  of  0.22%,  and  at 
the  electron  temperature  of  3200°K  7%  of  Joule  dissipation  may  be 
converted  into  laser  radiation. 

Another  aspect  which  was  investigated  by  Lowenstein  concerns  the 
evolution  of  ionization  instabilities  in  an  MHD  laser  plasma.  The  study 
concluded  that  the  radiation  field  does  not  have  any  significant  effect 
on  the  instability,  however,  the  latter's  influence  on  the  radiation 
field  may  lead  to  a serious  problem  of  non-uniformities  in  the  direction 
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transverse  to  the  optical  axis.  However,  since  he  assumes  a constant 
temperature  and  pressure  along  the  flow,  and  therefore  his  solution 
corresponds  to  conditions  which  would  prevail  at  a single  station  along 
an  MHD  channel,  the  conclusion  about  the  evolution  of  non-uniformities 
along  the  flow  direction  does  not  make  much  sense. 

The  important  features  of  these  studies  have  been  summarized  in 
Table  4.  The  results  from  the  three  investigations  which  were 

available  in  1974  when  this  experimental  investigation  was  undertaken 
at  HIT  presented  a very  controversial  picture: 

1)  Recommended  Cs  mole  fraction  for  the  successful  operation 

-3  -5 

of  an  MHD  laser  varied  by  2 orders  of  magnitude,  from  10  to  10 
Both  experimental  studies indicated  loss  of  atomic  Cs  due  to  its 
chemical  interaction  with  C02>  whose  nature  and  resultant  products  is 
to  date  not  very  much  researched.  Lowenstein's  conclusions  regarding 
the  quenching  phenomenon  called  for  another  look  at  the  physics  of  the 
laser.  Finally,  it  was  speculated  that  the  discrepancy  in  the  Cs  mole 
fraction  could  be  due  to  poor  diagnostics. 

2)  Nighar/  et  al.  calculated  that  large  values  of  gain 
0.5-l%cm  can  be  produced,  howe'er,  during  the  experimental 

investigation  it  was  measured  to  be  only  0.05-0. 15%cm  l.  Zauderer^’^ 
measured  a value  of  0.2%cm 

3)  CO2  mole  fractions  allowed  ranged  from  1-4%,  which  were  in 
direct  violation  of  the  theory  proposed  by  Lowenstein. 


264 


p 1 

■i 


At  this  point  it  was  felt  that  a better  understanding  of  MHD  laser 
physics  was  required  and  accordingly  the  present  investigation  was 
undertaken.  This  dissertation  describes  the  results  of  the  experimental 
investigation.  The  results  of  the  analytical  study  conducted  by  Walter 
are  described  in  Ref.  12,  and  will  be  mentioned  frequently  in  forthcoming 
sections . 

1. 3 Summary  of  Results  and  Discussion 

In  the  present  study  a different  approach  to  the  experimental 
investigations  of  MHD  laser  was  taken.  Since  the  physical  phenomena 
in  such  a device  might  be  exceedingly  complex,  as  the  kinetic  and 
thermo chemical  complexity  of  molecules  excitation  is  added  to  the  already 
intricate  behavior  of  the  electrothermally  unstable  non-equilibrium 
plasma,  a pulsed  experiemnt  simulating  the  kinetic  situation  of  an  MHD 
laser  was  designed,  which  allowed  us  to  uncouple  the  fluid  dynamics  and 
bulk  plasma  phenomena.  A further  advantage  of  the  pulsed  technique  is 
that  the  very  complex  kinetic  processes  which  occur  in  the  plasma  as  it 
flows  downstream  in  the  actual  laser,  are  displayed  as  a transient  in  the 
pulsed  experiment,  vastly  simplifying  the  diagnostic  problem. 

The  experiment  is  designed  to  measure  the  small  signal  gain  in  MHD 
1 aser  plasmas.  By  varying  the  applied  electric  field  and  changing  the 
composition  of  the  mixture  (He+Cs+CC^)  a wi-de  spectrum  of  kinetic 
conditions  were  achieved. 

The  small  signal  gain  measured  ranged  from  0.06%cm  ^ to  0.3%cm  ^ 
arriving  at  the  following  optimum  conditions  for  laser  operation: 
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1)  The  optimum  value  for  Cs  mole  fraction  is  determined  to  be 
1.4x10  It  is  concluded  that  operation  at  laser  values  would  lead  to 
very  unstable  inversion  with  the  gain  fluctuating  by  very  large  amount 
(+30%).  however,  at  values  higher  than  10  the  small  signal  gain  is 
very  insensitive  to  the  variations  in  f , a 10%  increase  would  drop  the 

US 

gain  only  by  'v  5%. 

2)  There  is  an  optimum  value  for  the  current  density  for  each 

particular  gas  mixture  establishing  a certain  amount  of  Joule  dissipation. 

In  order  to  achieve  favorable  conditions  the  non-dimensional  parameter 

(T  -T  )/T  should  be  kept  around  9.0.  The  electron  temperature  determined 
e 8 8 

by  this  parameter  in  conjunction  with  the  Cs  mole  fraction  would  provide 

the  required  electron  number  density. 

3)  It  has  been  observed  that  as  the  turbulence  in  the  plasma 

grows  higher  valu  of  gain  are  achieved,  saturating  at  approximately 

at  0.32%cm  *Y  the  maximum  gain  value  recorded  during  this  study.  In  his 

12 

numerical  study  Walter  discovered  a behavior  similar  to  this,  wherein 

at  low  C02  mole  fractions  ( ^1-2%)  , very  rapid  growth  of  ionization 

2 

instabilities  was  observed,  the  fluctuation  parameter  <n  > reached  an 

asymptotic  value  of  0.5  from  a modest  value  of  0.05  within  a distance  of 

10cm  as  the  mixture  moved  downstream  with  a velocity  of  4300.0  m/sec. 

During  this  growth  period  very  large  values  of  intra-cavity  laser  flux 

2 

were  computed,  however,  when  <n  > leveled  off  to  the  value  0.5  lasing 

stopped.  The  spread  of  the  peak  inversion  was  in  the  order  of  2.0cm 
“2 

(t  = 2x10  /4300  = 4.6  ysec).  Interestingly  enough  in  the  experimental 
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study  the  0.32%  cm  ^ gain  did  not  last  more  than  4.0  usee.  It  seems  that 
in  order  to  achieve  longer  lasting  inversion,  a more  stable  plasma  would 
be  a better  choice,  such  achieved  probably  by  increasing  the  C02  mole 
fraction. 

4)  Based  on  the  measured  values  of  small  signal  gain  and 
approximate  evaluation  of  saturation  intensity  using  the  results  of  Walter's 
analysis  an  estimate  of  extractable  laser  power  has  been  made.  The  computed 
value  for  specific  power  at  3%  C02  is  32  KJ/kg. 

5)  By  monitoring  the  absorption  of  the  laser  signal  in  the  after- 
glow the  relaxation  rate  of  the  lower  laser  level  by  CO^  molecules  has  been 

measured  to  be  3.3xl0^atm  ^sec  This  value  matches  the  figure  calcu- 
58 

lated  by  Seeber  and  is  in  close  agreement  with  the  measurement  performed 
by  Bulthuis.  Since  the  relaxation  of  the  CO^COl'O)  made  by  He  is  much 

faster  than  by  00^(000),  there  is  no  doubt  that  the  measured  rate  is  for 
the  CC^QOO^-CC^COl'O)  process.  The  exact  pathways  of  the  relaxation 
mechanism  are  still  a matter  of  serious  discussion. 

6)  The  pulsed  technique  has  enabled  us  to  measure  the  rate  of 

Cs-CO  interaction,  the  cross  section  for  which  has  been  found  to  be  in 

-24  2 -24  2 

the  range  of  1.3x10  m to  4.6x10  m (400°K) . A simple  calculation 

shows  that  at  a pressure  of  0.1  atm  in  a mixture  with  3%  CO^  the  loss  of 
metallic  Cs  due  to  this  chemical  reaction  would  be  less  than  1%  (In  a one 
meter  long  cavity) . 

Consistent  gain  measurements  and  preliminary  power  extraction  calcu- 
lations strongly  suggest  that  construction  of  a high  power  MED  laser  is 
feasible.  The  measurement  of  relaxation  rates  of  lower  laser  level  and  the 
fact  that  the  rates  are  in  agreement  with  the  results  from  several  other 
investigations  certify  the  reliability  of  the  data. 
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II.  PHYSICS  OF  C02  LASERS 

MHD  lasers  are  characterized  by  relatively  high  electron  number 
19  20  -3 

densities  (10  -10  m ) and  low  average  energies  (0.2  - 0.4  eV) , in 

contrast  with  the  conditions  in  electric  discharge  lasers  in  which  typical 
values  of  these  parameters  are  in  the  ranges  10^-  10^^  m and  1-2  eV 
respectively.  Low  energy  electrons  of  MHD  lasers  are  most  suitable  for 
excitation  of  vibrational  modes  of  a molecular  species.  CO^  molecules  have 
been  a better  choice  as  the  laser  medium  for  several  reasons:  (1)  high 
quantum  efficiency  (^41%),  (2)  energy  transfer  to  the  upper  laser  level, 
C02(00°1),  by  electrons  with  energies  "1/0.3  is  several  times  larger  than  to 
the  bending  mode  CC>2  (01 ' 0) , and  (3)  He,  the  basic  carrier  gas  acts  as  an 
effective  coolant,  selectively  relaxing  the  lower  laser  level.  In  the 
following  section  we  will  review  the  properties  of  C02  molecules  and  the 
available  data  on  excitation  and  relaxation  rates  of  various  vibrational 
modes  of  the  molecule. 

2 . 1 C02  Molecular  Kinetics 

C02  is  a linear  triatomic  symmetric  molecule  with  three  normal  modes 
of  vibration,^  ^(symmetric  stretch  mode,  fundamental  frequency  = 1337  cm  *), 
\>2  (doubly  degenerate  bending  mode,  fundamental  frequency = 667  cm  ^)  , 

(asymmetric  stretch  mode,  fundamental  frequency = 2349  cm  ^) . The  laser 
transitions  involve  the  lowest  vibrational  levels,  namely  and 

v^-2v'2,  therefore  the  modes  may  be  modeled  as  harmonic  oscillators 
(Fig.  2.1),  as  far  as  the  laser  kinetics  is  concerned.  For  every 


I 
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vibrational  level  there  exists  a set  of  rotation  levels,  but  with  slightly 
different  spacing  for  the  different  vibrational  levels. 

Two  prominent  laser  transitions  have  been  observed  in  CO^  molecules: 

C02(00°l)->-  C02(10°0)  at  10.6  y 


and 

C02(00°l)->  C02(02°0)  at  9.6  y 


where  C02  (00°1),  C02(10°0)and  C02(02°0)  are  the  first  excited  state  of  the 
asymmetric  stretch  mode,  the  first  excited  state  of  the  symmetric  mode  and 
the  second  excited  state  of  the  bending  mode,  respectively. 

Laser  oscillation  always  starts  on  the  10.6  y transitions,  because 

: k 

the  gain  is  slightly  higher  on  these  transitions  than  on  9.6  y transitions, 
unless  frequency  selection  devices  are  used  in  the  cavity.  Since  both 

groups  of  transitions  share  the  population  of  the  same  upper  level  (00°1) , 

the  competition  effect  among  the  9.6  y and  the  10.6  y transitions  precludes 

the  operation  of  the  9.6  y transitions.  Probably  for  the  same  reason  the 

laser  kinetics  of  10.6  y transitions  is  extensively  researched  and  studied. 

In  the  present  study  we  will  confine  ourselves  to  this  laser  band  as  far 

as  the  experiments  are  concerned,  for  the  sake  of  simplicity,  and  then 

discuss  the  9.6  transitions. 

Each  transition  band  has  two  branches:  P (transition  from  J rotational 
level  to  J+l)  and  R (transition  from  J to  J-l) . From  the  expression  for 
gain 


2, J-*  1,J  ± 1 


N2,J  ' N1,J  ± 1 g 


J+l 


X2g(v) 


^l7Tn  ^spont^, J-*\L,J±1 


(2.1) 


This  matter  will  be  further  discussed  in  Chap.  5. 
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It  can  be  seen  that  for  the  P branch  the  ratio  of  degeneracies  gT/gT  . is 

less  than  1.0,  as  = 2J+1,  the  reverse  is  true  for  the  R branch. 

This  suggests  that  a P transition  may  oscillate  even  with  partial  (N^<  N^) 

inversion  (above  some  J , ) . 

min 

The  rotational  population  density  N (1=1,2)  is 

i,  J 


N 


"l  gJ  cx',<-Et.J/kTrot) 
i,J  Igjexp(-EiiJ/t  Trot) 


(2.2) 


,th 


so  that  is  the  population  density  of  i vibrational  state.  The  energy 
separation  between  two  adjacent  rotational  levels  increases  as  we  go  to 
higher  rotational  J values.  However,  even  up  to  very  high  rotational  levels 
the  energy  separation  between  the  rotational  levels  is  still  smaller  than 
or  comparable  to  the  thermal  energy.  Since  the  rotational  relaxation  rate 
is  several  orders  of  magnitude  faster  than  the  intermode  vibrational 

g 

transfer  rate,  even  under  excitation  conditions,  T , which  represents 

rot 

the  thermal  energy  of  the  vibrational  state,  may  be  assumed  equal  to 
temperature  T describing  the  translational  kinetic  energy  of  the  molecules. 

Equation  (2.2)  suggests  that  in  either  case,  whether  inversion  between 
the  vibrational  states  exists  or  not,  the  relative  population  of  one  of 
the  rotational  levels  would  be  higher  than  that  of  other  levels  (in  the 
same  vibrational  state),  thus  when  inversion  is  created,  the  laser 
oscillation  starts  on  only  one  ( at  most  only  on  a few)  rotational 
transitions.  It  has  been  experienced  that  at  room  temperature  P(20)  is 
the  line  which  starts  to  lase  first  and  as  long  as  the  thermalization 
of  rotational  levels  is  rapid  enough  the  lasing  is  maintained  at  P(20). 

Some  other  strong  lasing  lines  are  P(18)  and  P(22). 
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2.2  Electron  Excitation  in  a MHD  Laser 


^ molecules  are  one  of  the  main  constituents  in  electric  discharge 
and  gasdynamic  lasers  because  of  their  energy  storage  capability.  They 
cannot  decay  to  the  ground  state  because  of  zero  permanent  dipole  moment 
without  any  collisional  relaxation.  The  first  excited  state  of  the  mole- 
cule which  is  in  resonance  with  the  laser  upper  level,  CC^OO0!), 

(AE^18  cm  *),  can  excite  a ground  level  CO^  molecule  to  CC^OO0!)  at  a 
rapid  rate  of  1.4x10^  atm  ^sec  The  equilibrium  between  (V=l)  and 
CC^OO0!)  states,  in  effect,  increases  the  effective  lifetime  of  CC^COO0!), 
the  upper  laser  level. 

At  an  electron  energy  of^2.0eV,  which  is  typical  of  electric 

discharge  lasers,  the  effective  cross  section  for  vibrational  excitation 

of  is  about  6.0  times  larger  than  that  for  CO^COO0!)-^"  However,  for 

electron  temperatures  in  the  range  2500-4000°K,  the  rate  for  ^ is  one  to 

. o, . 6 

two  orders  of  magnitude  less  than  that  for  00^(00  1) . Thus,  in  MHD 
lasers,  ^ would  not  be  particularly  useful,  even  if  we  risk  the  over- 
loading of  the  nonequilibrium  plasma  by  injecting  another  molecular  species 
other  than  CC^,  into  it. 

It  was  mentioned  in  Chapter  1 that  a nonequilibrium  generator  is  used 
as  the  electron  source,  and  for  laser  operation  CO^  is  added  to  the  flowing 
gas.  In  order  to  maximize  the  Joule  dissipation,  which  is  requir’d  for 
effective  electron  heating,  the  generator  is  short  circuited.  A Faraday 
generator  seems  to  be  the  logical  choice  for  an  MHD  laser,  as  it  is  capable 
of  high  local  efficiencies  in  the  short-circuited  mode. 
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It  has  been  predicted  that  high  MHD  interactions  are  possible  when 

18  —3 

the  electron  number  density  is  greater  than  5 x 10  m , which  has  a positive 

effect  on  the  pumping  power  of  the  device.  However,  an  upper  limit  exists 

for  the  electron  number  density,  beyond  which  the  excitation  of  the  bending 

and  symmetric  modes  becomes  significant.  As  the  cross  sections  are  electron 

temperature  dependent,  this  limit  would  also  be  a function  of  Te,  and,  n^ 

in  effect,  will  depend  upon  the  Cs  mole  fraction.  For  f = 10  ^ Lowenstein* 

Cs 

19-3 

p .aces  the  limit  at  10  m 

As  the  power  output  fTom  a laser  cavity  is  almost  proportional  to  the 

mixture  static  pressure,  it  would  be  advisable  to  operate  an  MHD  laser  at 

12 

relatively  higher  pressure  (say  ^0.25  atm).  At  this  pressure  the  gain 
profile  g(v)  is  homogeneously  broadened: 


where 


2tt[(v0-v)2+  (^)2] 


(2.3) 


Av  = Av_  + I 

D i "i 


For  this  case  the  saturated  gain  is 


(2. A) 


1 + I/I 


(2.5) 


where  ct  and  I are  the  small  signal  gain  and  the  saturation  intensity 
u s 

respectively. 


2.2.1  Noneguxlibrlum  Generator  with  Molecular  Additives 

The  process  of  electron  heating  due  to  Joule  dissipation  has  been 
32  15 

extensively  studied.  ’ In  essence  the  magnitude  of  electron  energy  is 
determined  by  the  balance  between  the  energy  gain  by  mechanisms  like 
acceleration  in  an  electric  field,  recombination  in  a nozzle  by  a three 
body  process  and  the  energy  loss  by  mechanisms  like  elastic  collisional 
losses,  radiation  losses  and  heat  diffusion  losses.  Neglecting  the 
radiation^"*  and  the  heat  diffusion'*’^  losses  and  considering  the  energy  gain 
only  by  acceleration  in  an  electric  field  we  can  write  the  energy  equation 
for  electrons: 


if  'V'v!  kv’ + 5 • kvv 


+ n kT  7 • V = E Ac 

e e e a s s 


(2.6) 


On  the  right  hand  side  the  first  term  is  the  Joule  dissipation 

and  the  second  term  is  the  loss  due  to  collisional  processes.  The  term 

on  the  left  hand  side  represents  the  temporal  variations  of  the  electron- 

gas  energy  (potential  and  thermal),  their  convective  flux  and  the  pressure 

work.  At  high  magnetic  fields,  which  would  be  required  for  successful 

33  39 

operation  of  MHD  lasers,  the  plasma  becomes  unsteady  and  non-uniform  ’ 

leading  to  an  increased  Joule  dissipation  and  to  a saturation  of  (he 

39 

"effective"  conductivity.  Solbes  developed  a quasilinear  averaging 
technique  to  account  for  these  "ionization  instabilities".  Growth  of  these 
instabilities  occurs  when  the  Hall  parameter,  3,  defined  as 
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(2.7) 


fj  = -SA 
m v 
e e 

exceeds  a limit,  conveniently  called  the  critical  Hall  parameter,  B 
The  parameter  B is  a unique  property  of  the  plasma  and  depends  on  the 

type  of  seed,  plasma  constituents,  the  degree  of  ionization,  and  the  gas 

* 


temperature.  For  plasmas  typical  of  MHD  lasers,  this  value  has  been 
found  to  be  < 1.  The  ratio  of  effective  conductivity  and  spatial  average 
conductivity,  aejf/<a>  could  drop  to  a value  as  low  as  0.1.  Oliver  et  al 
have  shown  that  electrothermally  induced  eddy  currents  tend  to  develop 
together  with  a strong  current  density  over  the  insulating  wall. 

When  a molecular  species  is  added  to  the  nonequilibrium  plasma, 
damping  of  the  ionization  instabilities  is  observed.  Draper  points  out 

that  the  time  of  electron  temperature  relaxation  is  increased: 

m \ r \ t n 9 
_ CO.  rL,  kT 

_L  = ! + 2 2 ^He  e 

T*  l "He  j I ne  J I eVi  (2.8) 
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1,2 


where  T and  T*  are  the  electron  temperature  relaxation  times  with  and 
without  molecules. 

Molecular  addition  enhances  the  loss  term,  E ie  , in  the  energy 

s s 

equation  (2.6),  due  to  added  inelastic  losses.  From  the  cross-section  data 

for  vibrational  excitation  of  CO^  by  electroncs  we  know  that  excitation  of 
o 1 

C02(001)  and  002(010)  levels  are  dominant,  however  due  to  the  stimulated 

transition  (10.6  y),  the  molecules  are  continuously  transferred  to  the 
0 

002(100)  level.  Further,  it  will  be  seen  in  the  next  section  that  the 


A detail  description  and  analytical  expression  for  3 . can  be  found  in 

Ref.  39.  C 
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relaxation  processes  tend  to  populate  various  levels  of  the  bending  mode. 


Thus  a complete  redistribution  of  the  population  amongst  the  vibrational 
levels  takes  place.  Under  these  conditions  the  inelastic  loss  factor 


6 , which  in  "swarm"  experiments  has  been  measured  to  be  ^<5000,  does  not 


remain  constant,  in  fact  decreases.  This  indicates  that  the  plasma  in  an 
MHD  laser  consists  of  several  "gases",  each  describable  by  a temperature 
of  its  own. 


2.3  Relaxation  Processes 


As  the  molecules  are  pumped  to  the  desired  excited  state  in  order  to 
create  an  inversion,  they  also  lose  energy  by  way  of  "relaxation 
processes".  These  processes  may  or  may  not  be  favorable  to  the  creation 
of  inversion  depending  upon  whether  they  relax  the  lower  or  upper  laser 
level.  In  gas  lasers  the  relaxation  may  occur  by  three  different 
mechanisms:  (1)  radiative  decay,  (2)  collisional  loss,  and  (3)  diffusion 

out  of  the  active  area. 


In  CO^  lasers  the  relaxation  rates  due  to  radiative  decay  and 


24,40,41,42 


diffusion  are  very  slow,  at  least  by  3 orders  of  magnitude. 

For  this  reason  we  will  examine  only  the  collisional  relaxation  in  detail. 


There  are  various  units  in  which  the  relaxation  rates  are  expressed. 


In  this  study  we  use  the  unit  atm  ^sec  ^ . A relaxation  time  can  be  defined: 


1 


T kp 
e 


(2.9) 

where  k is  the  relaxation  rate  and  p the  pressure  of  the  relaxing  agent. 


J 
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2.3.1  Relaxation  Rates  of  the  Upper  Laser  Level 

As  is  required  for  an  efficient  laser  operation,  the  relaxation 
rates  for  C02(00°1),  the  upper  laser  level,  are  very  slow.  For  relaxation 
by  CO^  - CO^  encounters: 

C02(00°1)  + C02(00°0)  * CC>2 (03°0)  + C02(00°0)  (2.10) 

47 

The  rate  at  a temperature  of  400°K  is  measured  to  be 

kC02(00°l)-C02  = 2,8 x 10  atm  sec  (2.11) 

For  the  process: 

C02(00°l)+He  Z C02(03°0)  + He+A16  cm'1  (2.12) 

The  rate  for  T = 300°K  is: 

kC02(00°l)  - He  = 6.8x10*  atm-1sec-1  (2.13) 

It  can  be  seen  that  although  this  process  is  slow,  it  populates 
the  third  level  of  the  bending  mode.  Also,  for  a gas  mixture  typical  of 
MHD  lasers,  3%  C02  + 0.001%  Cs  + ^97%  He,  most  of  the  relaxation  will  be 
performed  by  He,  in  contrast  to  electric  discharge  lasers. 

2.3.2  Relaxation  Rate  of  the  Lover  Laser  Level 

Although  since  1966  at  least  ten  experiments  have  been  performed, 
as  yet  neither  the  basic  mechanism  of  the  process  is  known  nor  any  univer- 
sally acceptable  data  on  the  rates  is  available.  Most  confusion  arises 
from  the  existence  of  Fermi  resonance  between  10°0  level  and  doubly 
degenerate  02°0  level  of  the  bending  mode. 
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For  the  relaxation  process: 


co2(io  0)  -*■  C02(01'0) 

5 —1  *“1  8 

the  rate  constants  reported  range  from  7.6  x 10  atm  sec  to  3.4  x 10 

atm  ^ sec  Collisions  between  C02(10°0)  and  He  are  believed  to  play 

49 

almost  no  role  in  this  process,  at  least  they  were  not  measurable. 

There  are  several  schools  of  thought  on  the  mechanism  of  this 

relaxation  process.  Experimental  measurements  of  rate  of  the  Fermi 

62 

resonance  has  been  claimed  by  many  investigators.  Stark  performed  a 
series  of  experiments,  using  a ' .6y  beam  to  disturb  the  equilibrium  between 
the  two  levels  and  then  monitor  the  absorption  of  a 10. 6p  beam.  He  report- 
ed a rate  value  as : 


k10°0  - 02°0  = 1*4  X 10  IpC02  + °-046pNo  + °-054PHe]  (2>14) 

Rhodes  et  al."*^  and  Jacobs  et  al.^  reported  this  rate  constant  to  be 

8 — 1 —I  8 —1  — i 

7.6  x 10  atm  sec  and  2.3  x 10  atm  sec  respectively  (see  Table  3). 

Rhodes  et  al.  in  their  1968  experiment  observed  two  more  absorp- 
tion rates,  the  faster  of  these  two  were  attributed  to  process  like 

C02(02°0)  + C02(00°0)  t C02(10°0)  + C02(00°0)  - 52.7  cm"1  (2.15) 


and 


C02(01  0)  + C02(01  0)  £ C02(10°0)  + C02(00°0)  + 50.1  (2.16) 

and  based  on  this  measurement  a relaxation  rate  constant  for  C02  (10°0) 

8 —1  —1 

was  reported  as  3.4  x 10  atm  sec  . The  third  rate  was  ignored. 
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In  1974  Jacobs  et  al.**1  repeated  the  experiment  with  smaller 
saturating  pulse  and  faster  electronics  and  came  up  with  a rate  constant 
of  2.5  x 101  atm  1 sec  1 for  C0^(10°0)  ■*  00^(01  0)  relaxation. 

Bulthuis^*^  monitored  the  decay  of  laser  power  in  the  after- 
glow of  the  discharge  and  reported  a bottleneck  rate  constant  of 
-101  atm  1 sec  \ His  experiment  seems  more  realistic  in  predicting  the 
relaxation  rate  [CC>2  (10°0) , CC^f^O)]  -*•  CC^Ol  0)  since  he  used  HjO  to 

i 

deplete  the  01  0 population,  before  shorting  the  discharge. 

58 

Seeber  based  on  hi*-  modified  Schwartz-Slawsky-Herzfeld  (SSH) 
theory  calculates  the  value  to  be  3.3  x 101  atm  * sec  In  Chapter  IV 
we  will  see  that  this  rate  constant  has  been  measured  in  this  investigation 

and  is  ~ 3.3  x 10 1 atm  1 sec  * (see  Table  2). 

54 

Murray  et  al.  measured  gain  at  10. 6y  and  9.6y  transitions  and 
found  that  they  are  almost  equal,  a strong  coupling  between  10°0  and  02°0 
would  not  explain  it.  Theoretical  calculations  based  on  strong  coupling 
predicted  40  - 50%  more  gain  at  10. 6p  band.  By  adjusting  the  figures  such 
that  a correlation  between  would  be  found  they  predicted  a rate  constant 
of  1.7  x 10^  atm  1 sec  \ 

To  sum  up: 

1)  Most  of  the  data  suggest  that  the  rate  constant  for  10°0  01  0 

relaxation  would  be  somewhere  in  the  range  1 - 3 x 101  atm  1 sec 

2)  If  there  is  a strong  coupling  between  10°0  and  02°0,  then  the 
process 

[10°0,02°0]  + (00°0)  £ 2(01*0)  + 50.1  cm'1  (2.17) 
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is  most  likely  to  take  place  and  both  the  10. 6\i  and  9.6 p bands 
would  be  governed  by  this  bottleneck  rate  in  MHD  lasers.  Also  the 
bending  mode  would  not  have  a Beltzmann  equilibrium. 

3)  If  there  is  a weak  link  between  10  0 and  02°0  and  depending  upon 
the  pathway  one  of  the  two  bands  would  be  more  suitable  for  MHD 
laser  operation.  The  reason  being  that  C02(01  0)  is  relaxed  by 

* 51 

He  much  faster  than  by  C02  and  hence  under  MHD  laser  conditions 
(97%  He,  3%  COj)  the  bottleneck  rate  is  not  the  relaxation  of 

i 

^^(Ol  0),  as  it  is  in  electric  discharge  lasers.  For  example,  if 
C02(02°0)  ♦ C02(0l’o)  (2.18) 

is  faster  then  9.6p  operation  would  more  suitable. 


III.  EXPERIMENTAL  APPARATUS 

3. 1 The  Pulsed  Simulation  Technique 

The  experimental  facility  utilized  in  the  present  Investigation  simu- 
lates the  flow- induced  electric  field  of  an  MHD  laser  by  an  applied  field 
and  thereby  eliminates  the  complexities  and  expense  of  a high  speed  flow 
system.  The  experiments  are  conducted  in  a pulsed  mode,  the  advantages  of 
which  will  be  pointed  out  in  the  sections  to  follow  as  each  system  is 
described  individually.  The  s'  ;uence  of  events  which  occur  during  a test 
is  schematically  shown  in  Fig.  3.14.  Helium  is  stored  in  a heated  flask 
containing  copper  wool  wet  with  liquid  Cesium.  By  opening  a fast-acting 
pneumatic  valve  the  Cs  + He  mixture  is  allowed  to  flow  through  the  test 
chamber  into  vacuum,  giving  the  pressure  transient  sketched;  simultaneously 
another  valve  is  opened  to  allow  COj  to  flow  through  the  tube.  At  a pre- 
determined time  the  magnetic  field  is  turned  on  and  the  shutter  to  the  CO, 
probe  laser  is  opened.  A few  milliseconds  after,  the  electric  field  is 
pulsed  to  pass  a prescribed  current  through  the  gas  mixture. 

3.2  Pulsed  Flow  System 

The  gas  flow  system  is  sketched  in  Fig.  3.1.  The  test  chamber  is  fed 

by  two  separate  gas  lines  carrying  a Cs+He  mixture  pipe  line  and  a CO2+  He 

' \ 
mixture.  Both  lines  are  simultaneously  opened  to  the  tube  by  activating 

two  solenoid  valves.  The  pipe  lengths  (from  the  valves  to  the  discharge 

tube)  are  so  matched  that  both  the  gas  mixtures  reach  the  tube  at  the  same 

time,  so  no  chemical  reaction  between  Cs  and  CO^  takes  place  before  they 

reach  the  test  chamber. 
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The  stainless  steel  vessel  containing  copper  wool  (Fig.  3.1)  is 


flushed  by  liquid  Cs  before  conducting  a series  of  tests,  so  as  to 
thoroughly  wet  the  Cu  wool.  The  liquid  Cs  is  then  returned  to  the 
storage  vessel.  In  order  to  keep  the  system  at  a uniform  temperature, 

% 

an  oven  was  built  around  the  pot  with  the  Cu  wool.  Also,  the  pipe  line 
from  the  pot  to  the  discharge  tube  is  heated  by  electrical  tapes.  During 
operation  the  pneumatic  value  10  is  actuated  allowing  the  He  saturated 
with  Cs  to  flow  through  the  test  chamber  giving  a pressure  pulse  of  about 
700  milliseconds.  The  temperature  of  the  oven  and  the  stainless  steel 
tube  is  monitored  and  kept  constant  at  a predetermined  value.  Under  these 
conditions  a reliable  and  repeatable  seeding  is  provided.  After  the  copper 
wool  is  wet  the  valve  5 is  securely  closed.  The  valves  1 and  9 are  used 
to  charge  the  Cs  vessel  with  He  to  a desired  pressure,  and  valve  9 is 
closed  before  firing  the  pressure  pulse  by  suddenly  opening  the  pneumatic 
valve.  Valves  3 and  8 are  normally  closed,  and  are  used  to  evacuate  the 
Cs  pots,  when  the  liquid  Cs  is  required  to  be  transferred  from  or  to  one 
of  the  pots. 

The  CC^+He  mixture  is  passed  to  the  test  section  through  a 0.394  mm 
choked  hole,  which  is  situated  near  the  inlet  in  the  tube (see  insert  A in 
Fig.  3.1).  This  microhole  prevents  the  flow  of  Cs  + He  into  the  CO2  line 
and  also  determines  the  amount  of  CO2  which  is  injected  into  the  plasma. 

3.2.1  Discharge  Tube  and  Circuit 

The  discharge  tube  (the  test  section)  is  made  from  a quartz 
one  inch  square  cross-section  pipe.  This  dimension  was  chosen  so  as  to 
ensure  that  wall  effects  ( recombination  and  deexcitation  are  negligibl 
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small  at  the  pressure  level  under  investigation:  ^50,0  - 70.0  torr) . 

A conical  quarts  fitting  is  fused  onto  each  end  of  the  pipe  to  provide 
0-ring  seals  and  flange  mounting  (Fig.  3.2),  the  overall  length  being 
approximately  40  cm.  The  end  fitting  butts  up  against  an  electrode  block 
as  shown  in  Fig.  3.3.  Each  block  holds  ten  electrodes,  each  connected  to 
a separate  ballast  resistor  ('v-lOO  fl)  to  encourage  a uniform  discharge. 

The  tube  is  terminated  at  each  end  by  brass  bellows  and  adjustable  flanges 
which  setve  as  window  and  mirror  mounts  required  for  multipass  small  signal 
gain  measurements.  The  bellow.,  are  supported  by  aluminum  stands,  insulated 
so  as  to  prevent  external  shorting  of  the  discharge,  the  middle  point  of 
the  tube  being  grounded.  The  "tee"  shape  of  the  tube  provides  an  easily 
accessible  port  for  gas  injection. 

Eight  tungsten  electrodes  are  fused  to  the  side  wails  of  the  tube, 
which,  being  in  contact  with  the  plasma,  allow  monitoring  of  the  axial 
as  well  as  transverse  (Hall)  voltages. 

The  discharge  circuit  is  powered  by  a 66  yF  capacitor-bank 
chargeable  to  4000  volts.  Two  ignitrons  are  used  as  high  power  relays,  one 
to  Initiate  and  one  to  terminate  the  discharge.  They  are  triggered  by 
current  pulses  from  two  thyratrons,  which,  in  turn,  are  triggered  by 
amplified  signals  from  the  oscilloscopes.  The  duration  of  the  discharge, 
i.e.  the  time  difference  between  the  triggering  of  the  two  ignitrons,  is 
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3.2.2  Magnet 


i 
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An  electromagnet  surrounds  the  discharge  tube,  and  consists  of 
two  rectangular  Helmholtz  colls,  each  with  8 turns  of  No.  10  Insulated 
copper  wire,  resting  on  aluminum  channels  (Fig.  3.5).  The  magnetic  field 
is  nearly  uniform  (±0.3%)  over  most  of  the  discharge  region  as  shown  in 
Fig.  3.6. 

The  magnet  is  powered  by  a 500  yF,  3000  V bank  of  capacitors 
interconnected  with  55  pH  inductors  so  as  to  form  a transmission  line. 

A resistor  in  series  with  the  m-gnet  allows  to  match  the  load  impedance 
to  the  line  impedance  thus  givxng  an  approximately  square  pulse  for  a 
duration  of  2-3  milliseconds  (Fig.  3.7).  The  experiment  is  performed 
during  the  flat  portion  of  the  pulse.  An  ignitron-thyratron  system  is 
used  as  a switch,  and  a pick-up  coil  and  integrating  circuit  allows 
monitoring  of  the  magnet  current  duing  an  experiment. 

3.3  Plasma  Diagnostics 

The  plasma  diagnostics  consists  of:  (1)  electron  temperature  and 
number  density  measurement,  (2)  Cs  concentration  measurement,  and 
(3)  estimation  of  CO  concentration  in  the  plasma. 

3.3.1  Electron  Temperature  and  Number  Density  Measurements 

During  the  discharge  some  electrons  recombine  with  cesium  ions 
giving  to  continuum  radiation  from  the  plasma.  The  intensity  of  the 
radiation  at  a given  wavelength  is  related  to  the  electron  number  density, 
the  cesium  ion  number  density,  and  the  electron  temperature  by  the  following 
relation: 
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where  Iy  is  proportional  to  the  continuum  radiation  from  the  plasma  and 
^6P  5D  are  t*ie  waveXen8ths  corresponding  to  the  lower  levels  of  the  electron 
transitions  from  the  continuum  (Appendix  A).  From  Eq.  (3.1)  it  can  be  seen 
that  is  the  radiation  is  monitored  at  two  wavelengths,  then  the  ratio  of 
intensities  may  be  used  to  cal>.  ilate  the  electron  temperature: 

V “'[ff-  <x'6p - xI1>]+2-22“')[^r  < - x'il)l 

1 Q L e ± u e 

S exp[^<^J  - »'1)]+2.22.xp[^  all  - X-1)]  (3.2) 

O 

In  the  experiment  the  radiation  was  monitored  at  4904  A and 

4285  A.  A spectral  lamp  GE  6.6A/T4Q/1CL  - 200  W was  used  to  calibrate  the 

radiation  recording  system,  the  fiber  optics  and  the  photomultiplier  tubes. 

The  fiber  optics  bundle  has  a cross-section  (optically  sensitive)  of  1 cm“ 

and  is  capable  of  recording  a radiation  field  from  a 120°  solid  angle. 

The  location  the  fibers  are  so  chosen  that  the  entire  1-inch  width  of  the 

discharge  tube  is  covered. 

3.3.2  Cs  Concentration  Measurement 

Determination  of  the  actual  concentration  of  metallic  Cs  in  the 

discharge  has  been  especially  troublesome  in  MHD  laser  investigations. 

In  the  present  study  the  measurement  was  done  by  resonance  absorption  at 
e 

4550  A of  light  from  a Cs  spectral  lamp.  To  minimize  noise  and  record  a 
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reference  on  each  scope  trace  the  light  from  the  lamp  was  chopped  at  about 
15  kHz,  giving  many  periods  during  a gas  flow  pulse,  as  sketched  in 
Fig.  3.13.  During  this  pulse  the  lamp  was  powered  by  a D.C.  power  supply; 
during  idle  periods  it  was  powered  by  a regular  A.C.  source  designed  for 
such  lamps.  The  change  in  height  of  the  pulse  gives  directly  the  absorp- 
tion by  the  Cs  population  in  the  tube,  and  since  the  record  spans  the 
whole  gas  flow  time,  any  fogging  of  the  discharge  tube  can  be  detected. 

In  Fig.  3.8  the  optical  arrangement  of  the  system  is  sketched. 

The  housing  of  the  lamp  is  heat' d to  maintain  the  Cs  vapor  in  the  lamp  at 
a particular  temperature,  which  corresponds  to  the  temperature  at  which 
the  calibration  of  the  Cs  absorption  measurement  was  done.  For  calibration 
two  quarts  test  chambers  sealed  off  with  60  torr  and  120  torr  of  He  were 
used.  The  set-up  is  sketched  in  Fig.  3.9  (see  Appendix  B) . The  calibration 
curve  shown  in  Fig.  3.10  is  used  to  estimate  the  Cs  mole  fraction  from 
the  absorption  data  recorded  during  the  experimenta.  A typical  scope 
trace  can  be  seen  in  Fig.  3.11. 

3.3.3  Estimation  of  CO  Concentration  in  the  Plasma 

In  earlier  experiments^  with  MHD  laser  plasmas  it  was  suspected 
that  CO^  dissociates  to  CC  and  0£  during  the  discharge.  To  confirm  this, 

O 

radiation  at  the  5052  A triplet  band  of  CO  was  monitored  using  a filter 

O 

at  5050  A.  To  estimate  the  amount  of  CO  present  in  the  plasma,  the 
diagnostics  system  was  calibrated. 

As  mentioned  before,  the  Hall  and  axial  fields  were  measured  by 
probes  in  contact  with  the  plasma,  which  were  fused  into  the  discharge  tube. 
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3.4  CO,,  Probe  Laser 

The  probe  laser  is  a CW  electric  discharge  CO^  laser.  The  optical 

cavity  consists  of  a spherical  gold-plated  mirror  (RvlO  m)  and  a germanium 

semi-transparent  (T=10%)  mirror  placed  about  1.5  m apart.  The  discharge 

section  is  made  of  pyrex  glass,  water  cooled,  and  has  two,  one  at  each 

end  , flat  germanium  windows  which  are  coated  with  antireflection  coating 

(10.6  y)  on  both  sides.  The  flowing  laser  system  is  powered  by  a well 

filtered  50  kW-50  mA  power  supply.  The  gas  mixture  used  comprises  of 

16%  N^,  14%  CO^,  and  70%  He.  An  adjustable  orifice  is  placed  in  the  laser 

cavity  to  operate  the  system  in  TIM  mode  (Fig.  3.12). 

oo 

The  detection  system  consists  of  a liquid  cooled  HgCdTe  infrared 

detector  and  a low  noise-high  gain  (40  dB)  small  signal  amplifier  (Perry 

2 

Model  603).  The  detector  has  a sensitive  area  of  1.0  mm  . A typical 
scope  trace  showing  a gain  measurement  can  be  seen  in  Fig.  3.13. 

Three  Tektronix  555  oscilloscopes  with  multi-trace  plug-ins  are  used 
to  record  the  data  on  Polaroid  film.  The  sequence  of  events,  as  shown  in 
Fig.  3.14,  is  initiated  by  throwing  one  switch.  At  first  the  two  solenoid 
valves  are  activated,  opening  the  Cs  + He  and  CO^+He  flow  systems  to  the 
discharge  tube.  At  a time  when  the  pressure  in  the  tube  reaches  a 
preselected  value  (the  delayed  trigger  mechanism  of  scopes  is  used  to 
adjust  the  timing)  trigger  pulses  are  sent  to  activate  the  magnet  and  open 
the  shutter  to  the  CW  CC^  laser.  After  the  magnet  is  stabilized  the 
discharge  is  fired.  Sometimes  a preionizer  pulse  is  required  to  start 
the  discharge. 
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IV.  EXPERIMENTAL  RESULTS  AND  ANALYSIS  OF  THE  DATA 


After  the  experimental  set-up  was  test-proven  to  be  reliable  and 
capable  of  reproducing  the  gasdynamic  and  electrical  conditions  in  the 
test  chamber  consistently,  several  series  of  experiments  were  conducted 
during  the  period  August  1976  to  February  1978.  This  was  carried  out 
in  three  steps:  Signal  to  noise  ratio  measurements,  calibration  and 
preliminary  tests,  and  gain  measurement  experiments. 

Before  proceeding  with  the  experimental  investigation,  it  was 
necessary  to  measure  the  noise  level  and  the  magnitude  of  other  errors, 
if  any,  in  the  diagnostic  and  data  acquisition  systems  of  the  designed 
facility.  A series  of  test  runs  was  conducted  to  record  the  noise  level 
in  various  electrical  signals.  Radio  frequency  noise  transmitted  from 
high  current  cables  of  magnet  and  discharge  circuit  was  found  to  be  the 
main  source  of  the  electrical  noise.  However,  by  use  of  proper  insulation 
and  grounding  the  signal  to  noise  ratio  was  increased  to  an  acceptable 
level. 

a)  Figure  4.1  shows  absence  of  noise  in  the  laser  gain  detection 
system.  Here  the  discharge  was  fired  through  a Cs  seeded  He  plasma,  with- 
out CD 2 injection.  The  experiments  were  conducted  in  two  sets;  without 
and  with  magnetic  field. 

b)  The  calibration  curve  in  Fig.  4.2  indicates  a linear  dependence 
between  the  discharge  current  and  the  probe  current  integrator  output. 

Even  when  the  magnetic  field  is  on,  the  noise  level,  at  the  current  values 


2 2 

of  interest  (0.2  amp/cm  to  1.0  ainp/cm  ) is  negligible. 

The  data  have  been  carefully  read  from  Polaroid  photographs  to  an 

accuracy  of  + 0.1  mm  in  measured  lengths.  However,  while  presenting  the 

recorded  data  in  graphical  form  this  uncertainty  in  the  measured  values 

has  been  accordingly  plotted. 

4. 1 Calibration  and  Preliminary  Tests 

For  data  reduction,  it  was  required  to  calibrate  various  diagnostic 

systmes.  The  theory  and  technical  approach  for  calibration  of  the  Cs 

light  absorption  measurement  are  discussed  in  Appendix  A.  In  Fig.  A-l, 

the  calibration  curve,  relating  the  measured  absorption  of  Cs  lamp  light 

and  the  concentration  of  metallic  Cs , has  been  shown.  In  absorption,  as 

it  is  read  from  the  photographs,  can  be  measured  with  an  accuracy  of 

+ 2%,  which,  when  reduced  to  Cs  number  density,  does  not  exceed  + 10%  mark. 

Electron  number  density  and  CO  number  density  measurements  were  the  other 

two  systems  which  required  calibration. 

a)  For  the  calibration  of  the  electron  number  density,  diagnostic 

system  experiments  named  the  1000  series,  were  conducted.  Several  pre- 

2 

selected  values  of  current  density  in  the  range  of  0.20  amp/cm  to 
2 

1.00  amp/cm  were  passed  through  a Cs  seeded  He  plasma  and,  along  with 
other  parameters,  Cs  bound-free  continuum  radiation  was  measured  at 
4904  + 50°A  and  4285  + 50°A  wavelengths.  In  order  to  minimize  the  calibra- 
tion error  other  relevant  parameters,  such  as  avial  electrical  field,  gas 
mixture  pressure  and  Cs  mole  fraction,  were  kept  constant  for  one  set  of 
experiments.  Several  such  sets  were  conducted. 
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Using  the  basic  equations  governing  an  MHD  plasma  (see  Appendix  C), 
electron  number  density  ar 4 electron  temperature  were  anlytically  calcu- 


lated from  the  recorded  data  (i.e.  Ex,  J,  f and  p) . 

L 6 

A theoretical  expression  for  the  spectral  emission  of  Cs  free-bound 
radiation  is  given  in  Ref.  73  and  has  been  discussed  in  Appendix  A. 

Using  this  expression  a relationship  was  found  between  the  electron  number 
density  and  the  radiation  emitted  from  a unit  volume  of  the  plasma  in  a 
unit  solid  angle  in  a unit  frequency  interval.  Two  fiber  optic  bundles, 
each  with  a field  of  view  of  30°  half  angle,  were  calibrated  with  a 
standard  light  source,  GE  lamp  6 . 6A/T4Q/ICL-200  W. 

Finally,  the  constants  relating  the  electron  number  density  (and  the 
electron  temperature)  and  the  photo-multiplyer  tube  output  were  found , and 
were  henceforth  used  to  reduce  the  data. 

b)  Gain  in  a medium  with  homogenous  broadening  saturates  as : 


a(v)  = 


i + livl_ 

’ T S.  . \ 


(4.1) 


where  the  saturation  intensity  is  given  by 
2 

_ . . 4 Tin  hv  

s(v)  TJl  ) x1 
spont 


(4.2) 


In  order  to  measure  the  unsaturated  gain,  otherwise  called  the  small 

signal  gain,  the  intensity  of  the  probe  laser  has  to  be  far  less  than  the 

saturation  intensity.  A series  of  experiments  was  conducted  to  ensure  this, 

2 

the  probe  laser  intensity  was  varied  between  the  values  of  3.0  watts/cm 


and  50.0  watts/cm  and  gain  was  measured  for  a given  plasma  (Fig.  4.19). 
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Within  the  limits  of  errors  due  to  the  diagnoistic  system,  gain  was  found 

to  be  constant  (+  10%).  For  actual  gain  measurements,  the  laser  was 

2 

operated  at  ^6.0  watts/cm  intensity,  a value  low  enough  for  safe  operation 
of  the  Hg  Cd  Te  detector. 

Consistent  laser  gain  measurements  have  been  achieved  over  a wide 

range  of  conditions  appropriate  to  MUD  laser  operation.  The  plasma 

conditions  were  controlled  and  systematically  varied  by  maintaining  the 

five  basic  parameters  (B,  Jx,  f , f , p)  to  predetermined  values.  In 

Cs  CO^ 

order  to  investigate  the  effects  of  each  individual  parameter  on  the 

population  inversion,  all  other  parameters  were  kept  constant,  while 

varying  the  parameter  in  question.  The  temperature  of  the  gas  mixture 

was  computed  to  be  400°K,  a quantity  constant  in  all  the  experimental  runs. 

All  the  experiemnts  were  carefully  planned  to  illuminate  the  basic 

kinetics  of  inversion  in  C0?  under  MIID  conditions,  the  main  task  of  this 

investigation.  To  facilitate  this  the  experiments  were  divided  into  two 

categories;  without,  and  with  magnetic  field,  thereby  isolating  the 

effects  of  turbulence  in  the  MHD  plasma  from  other  phenomena. 

4.2  Measurements  without  Magnetic  Field 

The  laser  gain  data  without  magnetic  field  provides  a good  record  of 

collisional  excitation  and  relaxation  of  COp  molecules  in  a Cs  seeded  He 

plasma.  Details  of  these  processes  will  be  discussed  in  chapter  5. 

Keeping  the  total  static  pressure  in  the  test  chamber  between  33.30  torr 

and  70.00  torr,  for  various  values  of  Jx,  f and  f , laser  gain  was 

CS  CO  2 

measured  as  shown  in  Fig.  4.4  as  a function  of  time.  The  principal 
features  of  this  time  history  of  the  gain  are: 
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a)  The  gain  rises  in  a time  of  about  10  ms  to  a value  of  0.1%cm  \ 
is  nearly  constant  for  some  100  ms,  then  decreases,  becoming  strongly 
negative  before  the  current  is  terminated  at  330  ms. 

b)  The  negative  gain  (absorption)  then  relaxes  on  about  a 500  ys 
time  scale. 

During  the  course  of  our  investigation,  it  was  established  that 
Fig.  4.4  describes  the  gain  behavior  only  qualitatively.  The  time 
required  for  gain  to  peak  and  then  convert  into  absorption  were  different 
for  each  run,  and  hence  so  were  the  excitation  and  deactivation  frequencies 
of  the  laser  levels. 

Since  the  data  obtained  is  a result  of  careful  and  systematic  scanning 
through  all  the  relevant  parameters,  a large  number  of  possible  combinations 
of  laser  pumping  and  relaxation  rates  have  been  achieved  in  this  investiga- 
tion. Thus  almost  all  the  information  needed  to  predict  the  performance  of 
an  MUD  laser  plasma  can  be  extracted  from  these  results  without  detailed 
analysis  of  the  individual  processes  favoring  the  inversion. 

4.2.1  Small  Signal  Gain  Measurements 

Under  some  conditions  small  signal  gain  up  to  0.3%cm  ^ has  been 

measured.  Maximum  gain  of  C.3%cm  * was  recorded  in  experiemnt  No.  4120. 

2 

Current  density  of  0.382  amp/cm  was  applied  to  an  He  plasma  composed  of 
0.93%  CO^  and  0.0015%  Cs  (Fig.  4.5).  The  gain  rises  very  rapidly,  in  2 ys, 
stays  constant  at  0.3%cm  ^ for  another  4 ys  and  then  slowly  falls,  turning 
negative  to  a value  of  -0.22%cm  ^ . 
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In  a real  MHD  laser  cavity,  where  the  gas  mixture  may  be 


1 


• a 


flowing  at  a velocity  of  ^3000  m/sec  ( \M  = 3.0),  a channel  length  of 
12  mm  (3  x 10*\nra/sec  x 4 x 10  ^sec  = 12  mm)  would  be  available  for  power 
extraction  with  a capability  of  generating  zero  power  gain  of  0.3Zcm  ^ 
along  the  laser  cavity.  Depending  upon  the  dimensions  of  the  channel  and 
on  the  electrical  power  dissipation,  a 12  mm  long  optical  cavity  may  or 
may  not  be  adequate  to  extract  the  desired  laser  power  efficiently. 

In  each  case  of  MHD  laser  design,  the  dimensions  of  the  laser  cavity, 
output  mirror  transmission  coefficient,  and  the  nozzle  dimensions  have 
to  be  compromised  to  achieve  the  required  resultsnt  power  output.  Here 
the  matter  has  been  pointed  out  only  to  demonstrate  the  usefulness  of  the 
information  for  MHD  laser  design. 

For  a clearer  picture  the  entire  spectrum  of  measured  gain 
was  plotted  against  the  time  during  which  the  peak  value  remained  constant 
and  is  shown  in  Fig.  4.5.  It  can  be  seen  that  for  a gain  value  of  0.09%cm  ^ 
the  transient  behavior  of  the  inversion  literally  disappears  (t  = 300  u sec). 
The  consequences  of  this  result  will  be  discussed  in  chapter  5 in  more 
detail.  It  should  be  noted  that  the  flowing  MHD  plasma  (Mach  = 3.0)  will 
travel  0.9  m along  the  nozzle  length  and  will  provide  enough  room  to 
extract  huge  laser  power,  while  keeping  the  transmission  coefficient  of 
the  output  mirrors  at  a relatively  lower  value  (which  might  be  dictated 

by  the  lower  zero  power  gain  value  of  0.09%cm  ^). 

12 

Walter,  in  his  analytical  study  of  an  MHD  plasma  has  arrived 
at  an  average  small  signal  gain  of  0.07%cm  which  yields  laser  power 
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densities  of  ^1.8x10  W/m  and  ^60x10  W/ra  using  three  temperature  and 


two  temperature  models  respectively.  The  deactivation  rates: 
k. 


100  - co„ 


■ 8.8  x 10"*  atm  * sec  ^ 


4 -1  -1 

k - 4.8  x 10  atm  sec 

100  - He 

used  in  his  three  temperature  model,  as  published  by  Murray,  Mitchner  and 
Kruger  are  much  slower  than  measured  in  this  work,  (see  section  4. 

k100  - C02  “ (3  ± °-3)  x 10?  atm_1  sec_1 

k ■ (7.5  + 0.5)  x 104  atm  ^ sec  ^ 

100  - He  “ 

This  suggests  that  average  extractable  laser  power  can  be  close 
to  a few  tens  of  MW/m  . 

As  has  been  said  before  the  main  parameters  effecting  the  laser 
gain  are:  Jx,  fCg , fCQ  (B  = 0 in  this  section),  their  individual  effects 
on  inversion  will  be  discussed  in  the  following  sections. 

4.2.2  Effects  of  Cesium  Concentration 

It  is  believed  that  with  C02  concentrations  less  than  1%  in  a 
Cs  seeded  He  plasma  the  free  electrons  of  the  plasma  remain,  for  all 
practical  purposes,  in  saha  balance  with  the  bound  electrons  of  metallic 
cesium.  CC>2  molecules  along  with  absorbing  the  translational  energies  of 
electrons,  also  quench  the  excited  Cs  atoms  thus  creating  a source  of 
additional  energy  drain.  The  degree  of  departure  from  Saha  balance  of  the 
ionization  process  depends  on  the  gas  composition  and  the  collisional 
activity  of  the  various  species.  Quenching  tends  to  decrease  the  number  of 
electrons  lowering  the  puraping  capability  of  the  laser  plasma. 
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According  Co  published  cross  sectional  data  electron-molecule 


. 


j 

vibrational  excitation  of  the  CO-  asymmetric  stretch  mode  dominates  that 
of  other  models  (bending  and  symmetric  stretch)  at  electron  temperatures 
higher  than  0.3  ev.  The  population  inversion  thus  created  grows  with 
increase  in  electron  number  density  (and/or  in  electron  temperature)  only 
to  an  extent  for  several  reasons.  Even  for  a Maxwelian  energy  distribution, 
electron  population  having  energies  higher  than  'v  1.5  ev  becomes  significant 

Q 

enough  to  directly  pump  the  lower  laser  level  (10  0).  Also  due  to  the 
simultaneous  growth  at  Ol'O,  which  is  coupled  to  10°0  stronger  than  to 
00  1 , tends  to  get  more  crowded.  Its  poor  deactivation  by  He  and  CO^ 

Intensifies  this  effect. 

It  is  clear  from  the  above  that  the  inversion  process  can  be 
optimized  by  properly  selecting  the  average  electron  temperature  and  the 
electron  number  density,  and  this,  in  fact,  prescribes  the  Cs  seed  number 
density.  It  need  not  be  mentioned  here  that  the  optimum  value  for  fcs 
thus  obtained  will  not  be  unique  for  the  value  of  CO^  concentration  in  the 
lower  plasma. 

Figure  4.7  provides  a better  understanding  of  this  situation. 

The  data  are  divided  into  sets  such  that  each  set  represented  experiments 
conducted  at  a particular  and  constant  seed  fraction.  From  all  these  sets 
each  representing  a different  f^,  value,  the  peak  gain  values  were  selected 
and  plotted  against  their  respective  seed  fraction  values.  This  technique 
allows  us  to  find  for  each  set  that  unique  combination  of  other  independent 
relevant  parameters  (Jx,  fCQ  , p,  B=*0) , while  fCg  is  kept  constant,  which 
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proper  seeding  of  MHD  laser  plasma. 

As  the  Cs  seed  mole  fraction  is  increased  from  ^ 8.0  x 10  ^ to 

-5* 

1.4  x 10  , a rapid  rise  in  gain  is  seen,  indicating  strong  positive 

dependence  of  001°  level  excitation  on  electron  number  density.  Hie 
optimum  Cs  seed  mole  fraction  of  1.4  x 10  "*  at  which  the  record  gain  of 
0.32Zcm  * was  measured,  seems  to  almost  coincide  with  the  value  predicted 
by  Lowenstein  ( ^ 10  "*).  However,  the  small  signal  gain  computed  was 
0.02%cm  15  times  lower,  with  CO^  concentration  of  0.22%  (in  this  work 

C02  - 0.93%). 

Further  increase  in  the  seed  fraction  causes  gain  to  decrease 

slower  than  the  rise  on  the  left  side  of  the  curve.  As  can  be  seen  from 

the  cross  sectional  data  (Fig.  ) for  electronic  excitation  of  10°0  the 

pumping  rate  of  the  lower  laser  level  will  rise  very  slowly  with  increase 

in  number  of  available  electrons.  Thus  overcrowding  of  this  level  may  be 

the  sole  cause  of  the  drop  in  gain.  In  chapter  5 it  will  be  demonstrated 

that  quenching  of  excited  Cs  atoms  can  severely  poison  the  laser  plasma  and 

a steep  drop  in  gain  may  result.  The  degree  of  poisoning  due  to  the 

quenching  effect  is  set  by  the  ratio  n /ne  and  there  exists  a limit  on 

C°2 

it's  value  beyond  which  the  actual  number  of  electrons  present  in  the  plasma 
is  depressed  far  below  the  Saha  value"*.  Lowenstein  estimates  this  value  to 

* It  is  needless  to  say  that  the  absolute  values  of  Ne  will  be  misleading 
here,  as  the  experiments  were  done  at  different  pressures. 


I 
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be  - 100,  however,  this  study  indicates  a much  higher  value  (^3  x 10  ) . 
Consequences  of  this  result  will  be  discussed  in  the  sections  to  follow. 

At  this  stage  we  will  simply  deal  with  the  engineering  aspect  of  the  laser. 

The  graph  in  Fig.  4.7  immediately  suggest  than  an  MHD  laser 
operating  with  seed  concentrations  below  1.4  x 10  ^ will  not  be  a practical 
device,  gain  is  too  sensitive  to  the  fluctuations  in  fcs  in  that  zone. 

The  data  suggests  that  seed  mole  fraction  should  be  in  the  vicinity  of 
1.4  x 10  ^ to  2 x 10  It  is  important  at  this  time  to  mention  that  in 
order  to  compensate  per  the  loss  of  metallic  Cs  due  to  CO^  and  Cs  inter- 
action one' might  have  to  seed  the  laser  plasma  in  excess  of  the  above 
recomnended  value,  and  an  error,  if  any,  is  desirable  in  the  positive 
direction.  An  estimate  of  the  rate  of  CO^  - Cs  interaction  has  been  made 
in  section  4. 


4.2.3  Effects  of  C0^  Concentration 

Using  the  data  reduction  method  discussed  in  section  4.3.4  a plot 
of  gain  versus  CO^  concentration  has  been  obtained  (Fig.  4.8).  The  laser 
gain  coefficient  for  a pressure  broadened  profile  which  is  applicable  in 
this  case  of  MHD  laser,  may  be  written  in  the  form: 


“(v)  ’ “c0,  *(V> 

spont 

For  simplicity  considering  the  equation  at  the  resonance  V = 


(4.3) 


a(vQ) 


AN 


co,  8im2  t 


spont 


As  normalized  line  shape  function  g(Vg) 


1_ 

Av 


(4.4) 
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For  pressure  broadened  profiles: 


. r » I 8kT 
Av  - / N a h— - 
L 8 sJfTpS 


Values  for  a are: 


°co2-co2  * 10‘8"2 

0 — He  - ° . 3 x 10_8m2 

w 2 

Calculations  show  that  for  C02  concentrations  of  interest  the 
broadening  is  dominated  by  the  He,  which  is  the  dominant  species.  Hence 


we  write : 


Av  a N, 


He+C0„ 


“(V  a 5 


He+C0„ 


a(vo)  a Afco, 


(4.5) 


(4.6) 


Thus  we  see  that  small  signal  gain  is  proportional  to  the  population 
inversion  normalized  to  the  total  number  of  neutral  species,  and  hence 
the  plot  in  Fig.  A. 8. 

Initially,  as  expected,  gain  rises  linearly,  with  increase  in 
molecular  population.  However,  gain  after  reaching  a maximum  of  0.32Z/cm 
at  0.93%  C02  concentration  starts  to  drop  at  a much  slower  rate  than  the 
rise.  The  adverse  effect  on  inversion  may  be  attributed  to  already 
discussed  following  reasons:  overcrowding  of  the  laser  lower  level, 
increased  inelastic  losses  of  electron  energy  to  CO^  molecules,  as  the 
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relative  number  of  the  latter  grows,  and  quenching  of  the  excited  Cs 
atoms.  In  spite,  of  overloading  of  the  nonequilibrium  MHD  interaction, 
inversion  providing  a gain  of  0.09Zcm  ^ is  achieved,  even  at  a CX^ 
concentration  of  3Z. 

It  is  important  to  note  that  for  high  laser  output  power,  CO^ 

population  made  available  to  the  plasma  should  be  as  large  as  may  be 

allowed  without  sinking  the  unsaturated  gain  to  an  unacceptable  level. 

Also,  recalling  the  graph  in  Fig.  4.6,  it  can  be  seen  that  laser  operation 

at  lower  gain  values  ( 'u  O.IZcm  *")  provides  a longer  useful  cavity 

A laser  design  enthusiast  can  very  well  see  that  although  the  optimum 

value  for  CO^  concentration  is  0.93Z,  for  efficient  power  extraction  it 

will  be  much  higher,  the  limit  being  the  bottle-neck  effect  discussed  in 

12 

chapter  2.  According  to  the  theoretical  study  done  by  Walter  this  value 
is  3Z,  at  which  he  predicts  a gain  value  close  to  O.IZcm  * , a figure  very 
much  in  agreement  with  the  graph  in  Fig.  4.8. 

4.2.4  Optimum  Current  Densities 

As  a variable  during  the  investigation  current  density  has  been 
representative  of  the  electrical  properties  of  the  plasma  in  question  by 
simulating  the  £x  B induced  field  of  flowing  systems.  The  qualitative 
effect  of  magnetic  field  on  gain  has  been  discussed  in  section  4.4,  however 
the  picture  is  not  complete  without  consideration  of  the  effect  of  its 
magnitude  coupled  with  flow  velocity  l£,  which  is  implicit  in  the  magnitude 
of  current  density. 

In  a flowing  system  both  U and  ji,  along  with  f , f„n  and  p, 

Cs  w« 
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have  to  be  defined  to  create  any  desired  plasma  condition,  however,  in  our 
case  the  current  density  serves  as  the  closing  link.  The  number  density  of 
electrons,  their  distribution  function  and  average  temperature  are  uniquely 
defined,  consequently  so  are  the  excitation  and  deactivation  rates  of  laser 
levels  by  the  current  density. 

When,  for  fixed  values  of  fCs,  and  p,  the  current  density 

is  varied,  a value  is  reached  where  the  gain  is  maximum.  Results  of  such 
experiments  for  two  different  gas  mixtures  are  plotted  in  Figs.  4.14  and 
4.15.  For  the  set  of  experiment * of  Fig.  4.14  the  seed  mole  fraction  was 

10  ^ with  a ($2  fraction  of  0. >4%.  At  a constant  pressure  of  42.00  torr, 

_1  2 
maximum  gain  of  0.10%cm  was  recorded  at  a current  density  of  0.4  amp/cm*". 

The  curve  is  almost  cone  symmetrical  about  the  maximum,  gain  disappears  at 

2 2 
current  densities  below  0.22  amp/cm  and  above  0.50  amp/cm  . 

On  the  other  hand,  in  Fig.  4.15  the  gain  rises  rapidly  from 

-1  "> 
seed  to  0.125%cm  when  the  current  density  is  increased  from  0.25  amp/cm" 

2 

to  0.3  amp/cm  , and  with  further  increase  in  the  latter,  although  it  falls 

it  tends  to  reach  an  asymptotic  value  of  0.05%cm  ■*■.  The  main  difference 

in  these  data  sets  is  in  f^  and  f , in  this  case  (Fig.  4.15  being 
-5  ^ 

6.0  x 10  and  2.47%  respectively. 

For  a clearer  view  the  corresponding  conductivities  have  been 
plotted  against  gain  in  Fig.  4.16.  At  higher  values  of  CO  2 mole  fraction 
the  plasma  stabilizes,  increase  in  conductivity  does  not  effect  the  inver- 
sion severely  and  decay  in  gain  is  slower.  As  concluded  before,  laser 
operation  at  higher  concentrations  ( ^ 2%)  will  be  stable  and  predictable. 
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4.2.5  Effect  of  Quenching  of  Excited  Cs  Atoms 


When  the  rate  of  relaxation  of  the  excited  state  of  Cs  atoms  by 
CO2  molecules  becomes  comparable  to  the  rate  of  its  excitation  by  electrons, 
the  electron  number  density  is  severely  reduced.  For  a simple  qualitative 
analysis  we  make  following  assumptions: 


1. 

The  excitation  rate  ■ 

N N C Q 

(4.7) 

and 

C see  e-Cs 

2. 

The  Quenching  rate  » 

NCs*  "0)2  CCs_Co2  QC02-Cs 

(4.8) 

3.  The  vibrational  levels  of  CO^  molecules  act  in  such 
a way  that  an  ave  age  quenching  cross  section  can  be 
defined. 


4-  Ncs*  ~ Ne 

Then  the  effectiveness  of  the  quenching  process  can  he  repre- 

n c 

CO,  fC02 

sented  by  the  ratio  In  Fig.  4.17  the  dependence  of  gain  on 

nCs  fcs 

this  ratio  can  be  seen.  Gain  increases  linearly  with  log(f /f„  ).  Until 

CO2  Cs 

the  latter  reaches  a value  of  700,  a steep  drop  in  gain  follows  that  point. 
Shaw^  reports  that  the  depression  of  electron  number  density  felow  the 
Saha  value  is  gradual,  as  the  quenching  rate  increases,  and  at  a critical 
value  electron  number  density  is  severely  reduced.  The  drop  in  gain  in 
Fig.  4.17  is  linear  and  it  is  concluded  that,  though  quenching  has  become 
important,  the  critical  point  is  not  reached. 

Taking  0.1%cm  * as  the  lower  limit  for  desirable  value  of  , 
we  find  1800  to  be  the  allowable  value  for  fCQ  /fCs-  For  'cs=^’^X^  ’ 

the  CO^  mole  fraction  is  then  3.5 Z. 
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4. 3 Experiments  with  Magnetic  Field 


The  data  taken  without  magnetic  field  provide  a comprehensive  know- 
ledge about  the  excitation  and  relaxation  processes  of  CO2  molecules  in  a 
univorm  MHD  plasma.  Gain  measurements  were  made  with  magnetic  field  to 
observe  the  effects  of  non-uniformities.  Two  typical  gain  curves  are 
presented  in  Fig.  4.9  and  Fig.  4.10.  During  the  first  10-15  U sec,  a 
steep  rise  is  seen,  and  then  the  inversion  tends  to  follow  an  oscillatory 
pattern.  It  is  believed  that  the  Lorentz  force,  which  in  our  configuration 
acts  perpendicular  to  the  laser  :>eam,  generates  a pressure  wave  carrying 
the  excitation  out  of  the  probe  area.  Taking  the  sound  speed  in  the  tube 
as  1000  m/sec  we  find  a full  wave  period  in  the  2.54  cm  tube  of  25  u sec, 
which  is  close  to  the  observed  average  period.  The  ratio  J x B/p  ranges 
from  1.5  m ^ to  0.3  m \ 

It  is  concluded  that  the  peak  gain  recorded  in  such  experiments  are 
the  values  which  would  be  realizable  in  a flow  system.  The  data  so  obtained 
has  been  reduced  to  find  a relationship  between  gain  and  magnetic  field 
strength  and  is  presented  in  Fig.  4.11.  The  graphs  have  been  plotted  for 
three  different  values  of  CO  2 concentration.  With  increasing  magnetic 
field,  the  effective  dissipation  in  the  plasma  increases  and  hence  the 
pumping,  and  consequently  the  gain.  It  will  be  seen  from  Fig.  4.11  that 
gain  decreases  with  CO2  population,  which  seems  consistent  with  the  result 
of  section  4.2.3. 

As  an  exercise  in  consistency  of  results  a plot  of  gain  versus  Cs  mole 
fraction  (for  B ^ 0)  is  shown  in  Fig.  4.12.  When  compared  with  the  graph 


in  Fig.  4.7  (for  B = 0)  it  should  be  noted  the  optimum  value  for  f , in 

Gs 

both  cases,  is  close  to  10  . The  measured  gain,  in  this  section,  is 

smaller  than  its  value  in  Fig.  4.7  for  a corresponding  seed  fraction, 

especially  at  higher  values  of  J x B/p,  when  the  pressure  wave  becomes 

stronger.  In  a flow  system  designed  for  MHD  interaction  the  Lorentz  force 

vector  acts  opposite  to  the  pressure  gradient  causing  the  motion  and  does 

not  have  any  similar  effect  on  gain.  (In  fact  the  inversion  in  a poorly 

designed  nozzle  system  might  nc'  nave  a uniform  profile,  but  due  to  other 

effects  which  will  not  be  discussed  here.)  The  gain  measured  in  this  section 

represents  the  lower  limit  for  the  particular  case  in  question  and  higher 

values  may  be  achievable  in  real  practice.  In  this  work  however  we  will 

limit  ourselves  to  the  data  in  hand  and  simply  remark  that  at  state  of  the 

art  fields  of  4 to  5 tesla  the  gain  would  be  of  respectable  value. 

The  measured  apparent  Hall  parameter  falls  in  the  range  of  0.45  to 

0.67,  close  to  the  value  reported  by  other  experimental  investigators 

12 

(4,  7,  11).  In  the  analytical  calculation  of  Walter,  in  which  3 

app 

15  29 

is  computed  by  the  model  originated  by  Solbes  and  Parma  and  later 
modified  by  Cole,^  a value  of  0.1  has  been  reported  (fCQ  =3%  ; B=4.0  tesla). 
Since  this  parameter  is  dependent  on  the  electrode  and  insulator  design  and 
growth  of  electrothermal  instabilities  at  higher  magnetic  fields  realization 
of  optimized  Hall  recovery  may  be  difficult  in  an  MHD  laser  (quantitatively 
the  results  of  Parma's  and  Cole’s  models  for  high  <3>  > 10  may  be  questioned). 
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The  non-uniformities  in  an  MHD  plasma  profoundly  influence  electron 
temperature  elevation  and  average  joule  dissipation  of  energy  in  the  gas. 


33 

In  the  limit  when  <f3>  > $ a "turbulent  state1'  ..s  reached  with  an 

cnt 

anamalous  increase  in  resistivity.  The  value  of  a „/<£}>  , which  is  a 
measure  of  "turbulence','  has  been  found  to  be  on  the  order  of  0.2,  with 
closed  to  0.5. 

AS  the  value  of  <@>  increases , gain  rises  and  reaches  the  peak  value 
of  0.3%cir  \ which  interestingly  enough  coincides  with  the  maximum  value 
measured  in  absence  of  a magnet  u field.  The  peak  value  with  magnetic  field 
was  reached  at  a lower  CO^  mole  fraction  (0.74%  vs  0.94%)  and  lasted  only 
4 ysec  as  compared  to  10  ysec  (B  = 0) . 

It  has  been  postulated  that  high  turbulence  somehow  tends  to  create 
more  favorable  condition  for  pumping. 

4.4  Relaxation  Rates  for  the  Lower  Laser  Level  (10°0) 

While  the  discharge  is  on, the  vibrational  levels  of  CO^  are  pumped 
and  the  population  of  any  level  can,  in  its  simplest  form,  be  computed  by 
the  rate  equation: 


£(N)  - W h - f 
e 


(4.9) 


where  ~ — represents  the  depletion  of  the  population  in  question  by 
e 

collisional  relaxation,  excitation  out  of  the  level  by  electron  impact, 


and  radiative  decay.  When  the  discharge  is  short-circuited,  electronic 
pumping  of  the  level  ceases  and  the  system  in  time  approaches  an  equilib- 
rium state.  The  transient  behavior  of  the  population  can  be  described  as: 

N(t)  = N exp(-t/r  ) 4.10) 

equ . e 
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For  our  purpose  the  time  constant  T hereafter  will  be  referred  as  the 

e 

collisional  relaxation  time  constant,  as  the  radiative  decay  of  the  lower 
and  upper  laser  levels  of  CO^  molecules  is  relatively  very  slow  tchap.  2). 
The  decay  of  population  inversion  in  the  afterglow  of  the  discharge  in 
simplified  notation  can  be  expressed  as: 

AN  = N2Qexp(-t/Te2)  - N1Qexp(-t/Tel)  (A. 11) 

where  2 and  1 are  subscripts  for  the  upper  and  lower  laser  levels.  The  time 

47  48 

constant  Tg2  has  very  large  values,  * for  example,  for  a 97%  He + 3%  CC>2 
gas  mixture  at  a typical  pressure  of  50  torr,  they  are: 

t^2  = 230  usee 

CO 

T _ = 1852  ysec 
el 

Thus,  without  introducing  any  appreciable  error  in  the  analysis  (<5%) 

Eq.  (4.12)  can  be  rewritten  as: 


AN  = -N1Qexp(-t/Tel) 


(4.13) 


A relaxation  rate  constant  is  defined  as: 

k = — 

TP 

and  usually  expressed  in  units  of  atm  sec 


(4.14) 

Since  both  the  He  and  C0„ 


participate  in  the  deactivation  process,  the  relaxation  time  constant  T 


can  be  split  into  two  parts: 

1 1 


Te  Te,He  Te,C0- 


(4.15) 


304 


Using  Eq.  (4.9)  and  simple  algebra,  the  following  relationship  can 
be  obtained: 

(4.16) 


— ± — = v + f _ I,  \ 

T p CO.-He  CO. ^ CO_-CO  C0o-He' 
e 2 2 2 2 2 


As  the  small  signal  gain  measures  the  magnitude  of  the  population 
difference  AN,  is  easily  obtained  from  the  data  (Fig.  4.5;  note  the 
decay  of  laser  beam  absorption  after  the  discharge  is  short-circuited). 

Values  of  have  been  plotted  against  their  respective  CO^  concentrations 

e 

in  Fig.  4 18  and  the  following  rate  constants  were  determined: 

k. 


C02-He 


(7 . 5 + 0. 5)  x 10^  atm  ^sec  ^ 


kC02-C02  = (3. 3 ±0.3)  x 107  atm_1sec  1 

The  mechanism  of  symmetric  stretch  mode  relaxation  by  C02  molecules 
is  very  complex  (chap.  2)  and  this  investigation  cannot  identify  the  indi- 
vidual pathways  of  deactiviation.  However,  the  following  facts  allow  us 
to  make  some  reasonable  speculations: 

(1)  The  system  measures  the  slowest  rate  and  hence  the  "bottleneck" 
rates. 

(2)  Deactivation  of  the  CO^Ol'O)  level  by  He  is  one  order  of  magni- 
tude faster  than  by  C0„  (k_„_  „ = 4.0x10^  atm  *sec  1 at  T = 400°K) 

L LU^Ul  U; -He 

and  the  major  role  of  C02~C02  collisions  is  to  bring  the  CC>2(10  0)  level 
to  C02(01'0)  either  via  CC>2 (10°0)+  C02 (02°0)  or  C02(10°0)->  C02  (01'0) 
transfers . 

It  is  concluded  that  the  rate  measured  for  C02-CC>2  relaxation  is  the 
bottleneck  rate  for  the  lower  level  deactivation: 
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kC02(10°0)-C02(01'0)  = (3.3  ± 0.3)  x 107  atm^sec'1 

= (4.3  ± 0.4)  x 10^  torr  ^sec  ^ 

58 

This  rate  very  closely  coincides  with  the  rate  calculated  by  Seeber 
and  is  of  the  same  order  of  magnitude  as  reported  by  Bulthuis  and  Ponsen.^ 
Table  2 compares  the  reported  rates  with  the  value  measured  in  this 
experiment. 

In  Table  3 relaxation  rates  between  CO^QC^CO-CO^C^O)  are  listed. 
The  investigators  believe  that  all  the  levels  in  the  bending  mode  do  exist 
in  Boltzmann. equilibrium  and  bottleneck  rate  is  determined  by  C02(02°0) 
population.  A close  examination  of  the  rates  tempts  us  to  make  following 
speculations : 

62 

1.  If  the  explanation  given  by  Stark  is  correct,  then  there  must 

exist  another  process,  slower  than  C02(1Q°0)  - C0^(02°0),  which 

determines  the  bottleneck  rate. 

6i  63 

2.  If  the  other  ’ rates  are  correct,  then,  definitely,  the 
bottleneck  exists  at  the  C02(10°0)  - CO2(02°0)  equilibrium. 

The  value  of  kCQ  _ He  is  very  low  for  the  relaxation  rate  of  the 

lower  laser  level  (except  according  to  the  value  reported  by  Rosser,  Hoag, 
49 

and  Gerry,  and  interestingly  enough,  coincides  with  the  relaxation  rate 
for  the  upper  laser  level.  It  would  be  wise  to  leave  this  rate  with  the 
comment  that  it  represents  a slow  process  of  deactivation  by  the  atoms, 


and  C02~C02  collisions  establish  the  "bottleneck  rate". 


4.5  Rate  of  Cs  - C0„  Interaction 

4 

The  exact  nature  of  Cs  + CO2  chemical  interaction  is  not  known.  Two 
possible  reactions  have  been  cited: 


C°2  + Cs  [C02  Cs]x 


(4.17) 


C02  + 2Cs  CO  + Cs20  + E 


(4.18) 


Reaction  (4.18)  is  believed  to  be  weakly  exothermic  at  room  temperature. 

Without  going  into  the  details  of  the  reaction  mechanism,  we  will  estimate 

the  rate  of  interaction.  Let  Q„  „„  be  the  cross-section  for  this  inter- 

Cs-C02 

action  such  that  the  frequency  of  chemical  encounters 


V “ n 0 C sec 

cs-co2  co2  vcs-co2  co2 


(4.19) 


where  C„_  is  the  mean  velocity  defined  as 
^2 


8kT  1 JL_ 
* lMC02  MCs 


Thus  the  fraction  of  Cs  atoms  lost  due  to  the  chemical  reaction  is: 


v„  __  sec 
Cs-COj 


(4.20) 


and  hence  the  cross-section 


<Cs-C02  nCs  nco^  Cco^ 


(4.21) 


Several  experiments  were  conducted  in  sets  of  two:  one  with,  and 
one  without  C02*  and  from  the  Cs  absorption  diagnostics  the  nCg  was 
determined  using  the  calibration  curve  3.10.  It  should  be  remembered 
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that  in  the  absence  of  CO^  the  Cs  mole  fraction  remains  constant  throughout 
the  pressure  pulse,  which  is  confirmed  by  the  absorption  curve.  From  the 
two  curve  we  get  the  time  history  of  total  Cs  atoms  lost,  i.e. 


*AnCs^tot“  nCs  nC02  QCs-C02  CC02  dt 


(4.22) 


A numerical  differentiation  of  (An_  ) gives  An_  , from  which  the 

Cs  tot  Cs 

cross-section  can  be  calculated  using  the  equation  (4.21). 

From  several  sets  of  data  the  cross-section  was  computed  to  be  in  the 
range  of  1.3  x 10  ^ to  4.6  x 10  ^m^. 
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V.  DISCUSSION  OF  RESULTS 

The  measurements  of  axial  electric  field  by  two  probes  In  contact  with 

the  plasma  show  that  the  conductivity  does  not  remain  constant  throughout 

the  experiment.  Its  value  Increases  with  time.  It  has  been  mentioned 

from  time  to  time  in  previous  chapters  that  due  to  redistribution  of  CO^ 

molecules  amongst  their  vibrational  levels  due  to  excitation  and  various 

relaxation  processes,  the  value  of  the  inelastic  los3  factor  6 goes 

2 

12 

down.  Walter  in  his  analytical  three  temperature  study  has  observed 
that  this  reduction  may  be  as  large  as  50%.  While  reviewing  the  relaxation 
processes  we  have  seen  that  the  levels  in  the  bending  mode  relax  much 
slower  than  would  be  required  to  attain  a Boltzmann  distribution  within 
the  mode.  In  that  case  it  would  be  inaccurate  to  assign  one  temperature 
to  all  the  levels  of  the  bending  mode.  02°0,  Ol'Oand  03^0  should  be 
described  by  three  different  temperatures,  and  one  would  require  a 
"5  temperature"  model.  One  would  expect  a drastic  reduction  in  , and 
hence  Increase  in  conductivity  if  this  occurs.  In  the  experiment,  however, 
there  is  another  phenomenon,  which  may  cause  the  same  effect.  The  electron 
energy  equation  if  written  for  static  conditions, i.e.  if  the  fluid  velocity 
is  zero,  will  take  the  form: 


3 ei  ^°e 

(_2  + kT-*  kTe  3tT  * "o“  “ l es 
e * 


(5.1) 


where  e = 6 — — (T  - T)  n V is  the  loss  term.  Since  J is  maintained 

s s m 2 e ee 

s 

constant  during  the  experiment,  one  would  expect  a gradual  change  in  ng. 


(ami  T coupled  with  Saha  equation).  Further  analysis  shows  that,  in 
fact,  a gradual  evolution  of  the  ionization  process  towards  full  ioniza- 
tion takes  place,  which  results  in  an  increase  in  the  conductivity  of  the 
planma. 

Typical  increase  in  electron  temperature  with  time  is  shown  in 
Fig.  5.1.  We  know  that  at  higher  electron  number  densities  (neSe>10'5) 
pumping  of  the  bending  mode  becomes  significant,  which  has  a negative 
effect  on  the  inversion.  This  has  been  confirmed  during  the  experiment, 
since  in  most  cases  where  a positive  gain  in  the  beginning  of  the  discharge 
vas  recorded,  a gradual  decrease  in  gain  is  observed,  and  toward  the  end 

of  the  discharge  the  gain  turns  into  absorption. 

12 

The  numerical  model  of  Walter  predicts  gains  in  the  range  of 
0.1  - 0.15%  (Tq  * 2090°K) , however  he  points  out  that  if  the  stagnation 
{ temperature  is  lowered  to  1800®  K gain  may  reach  a value  of  0.21%,  and  it 

seems  perfectly  plausible  that  if  T^  is  reduced  further  the  calculated 
small  signal  gain  may  rise  to  the  measured  value  of  0.3%  cm  It  is  not 
clear,  however,  how  low  the  static  temperature  has  to  be  to  achieve  such 
an  Inversion.  In  the  calculations  using  T^=  2090°K  , the  static  temperature 
falls  to  the  range  of  400°K  to  600°K,  then,  due  to  the  Lorentz  force, 
it  rises  as  the  fluid  moves  along  the  nozzle.  This  temperature  range  is 
slightly  higher  than  that  of  the  experiments. 

Furthermore,  Walter's  calculations  are  based  on  a constant  Mach  number 
channel,  which  may  not  be  an  advantageous  design  for  an  MHD  laser,  probably 
a constant  temperature  or  a compromise  between  the  two  may  be  better. 

At  this  point  it  is  difficult  to  speculate,  only  after  a series  of  iumerical 
calculations  would  one  be  able  to  draw  any  conclusions. 


■ ■ 
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The  Russian  group,  by  extrapolating  from  the  losses  In  the  cavity, 
came  to  the  conclusion  that  a small  signal  gain  of  0-3%/cm  * was  achieved 
in  the  experiments  (T  = 400 °K)  , which  equals  the  value  measured  in  this 
investigation. 

Walter  concludes  that  the  optimum  CO^  mole  fraction  is  3%.  In  this 
study  the  maximum  gain  has  been  measured  at  1%  CO  2 and,  as  will  be  shown 
in  Chapter  6,  maximum  power  extraction  will  not  occur  at  1%  CO^.  The  out- 
put intensity  is  dependent  on  one  more  factor,  namely,  saturation  inten- 
sity, whose  value  increases  with  increasing  CO2  mole  fraction.  The  gain 

is  measured  to  decrease  as  f is  increased  from  1%.  Thus  the  optimum 

CO2 

CO 2 mole  fraction  definitely  will  be  larger  than  1%  and  may  be  equal  to 
3%.  A power  extraction  experiment  is  needed  to  confirm  this. 

The  fact  that  Walter  did  not  account  for  Cs  - CO2  chemical  inter- 
action does  not  effect  the  validity  of  his  results,  as  the  cross-section 

-24  2 

for  the  reaction  is  measured  to  be  very  small  ^10  m . At  pressures  on 
the  order  of  0.25  atm  only  a few  percent  of  Cg  would  be  lost. 

The  electron  temperatures  measured  range  from  3300°K  to  4500°K 
(1%  CO2) , which  is  in  close  agreement  with  the  prediction  of  the  numerical 
study.  The  same  is  true  for  values  at  other  CO2  mole  fractions.  The  elec- 
tron number  density,  when  scaled  down  by  a factor  equal  to  the  ratio  of 

the  pressures,  is  in  good  agreement  with  Walter's  values.  Under  optimum 

18  —1  — S 

conditions  (1%  C0o)  the  value  is  6 x 10  m (p  = 60  torr,  f_  = 10  ) . 

L us 

Lowenstein,  while  studying  the  effect  of  quenching  computed  an  upper  limit 
for  ratio  nCQ  / n g < 100  to  be  allowed  into  a laser  cavity.  In  the  present 
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study  typical  values  have  been  on  the  order  of  %104,  and  much  higher 

gain  values  have  been  recorded.  This  indicates  that  his  estimate  for 

the  quenching  cross-section  is  unrealistically  high.  Furthermore,  Walter 

in  his  study  showed  that  even  if  the  cross-section  is  as  high  as  assumed 
*2 

by  Lowensteln  (70  A ),  in  an  adequately  preionized  fluid,  losses  due  to 
quenching  would  be  negligible. 
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VI.  SUMMARY 


2 

With  the  aid  of  a 6 watts/cm  probe  CC>2  laser  (oscillating  at 
10.6  p infrared  wavelength)  the  small  signal  gain  of  He  + CO^  + Cs 
plasmas  with  compositions  typical  of  MHD  lasers  has  been  measured. 
Variables  used  to  provide  a wide  spectrum  of  pumping  and  relaxation 
rates  are: 

2 

(1)  Current  density  J varied  from  0.2  amp/cm  to 

2 

0.75  amp/cm  . 

(2)  CO^  mole  fraction  fCQ  varied  from  0.74%  to  4.7%. 

2 _£ 

(3)  Cs  mole  fraction  f varied  from  8.0  x 10 

US 

-4 

to  3.0  x 10 

(4)  Magnetic  field  B varied  from  0.0  to  0.68  tesla. 

(5)  Mixture  static  pressure  P varied  from  33.0  torr 
to  70.0  torr. 

Under  these  conditions,  the  small  signal  gain  was  measured  to 
be  in  the  range  of  0.06%  cm  ^ to  0.3%  cm  During  the  ^300  usee 
experimental  time  of  each  experiment,  population  inversion,  in 
general,  was  found  to  be  transient  in  behavior,  which  has  been  a 

very  important  feature  of  this  investigation.  Time  scales  for 

* 

relaxation  processes  to  attain  equilibrium  range  from  1 ysec  to 
* 12 

10  ysec,  in  fact  for  most  of  the  experiments  it  has  been  on  the 

It  is  assumed  that  sufficient  number  of  CO^  molecules  are  available 
in  the  ground  state. 
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order  of  5.0  ysec  (which  has  been  computed  based  on  the  relaxation 
data  measured  during  this  study).  Thus,  gain  (or  absorption)  last- 
ing more  than  5 ysec  is  a result  of  fully  developed  inversion  kine- 
tics and  has  been  regarded  as  valid  experimental  data. 

Due  to  redistribution  of  the  molecule  population  amongst 
it's  various  vibrational  levels,  the  average  coefficient  of  inelastic 
losses  changes,  actually  drops,  sometimes  enough  to  alter  the  elec- 
tron number  and  electron  temperature  on  the  scale  of  5-10  ysec. 

Under  these  conditions  one  single  experiment  is  able  to  provide 
several  valid  experimental  g»j.n  measurements. 

The  time  history  of  the  gain  data  tells  another  interesting 
story,  that  the  higher  the  gain  value,  the  shorter  the  time  it  lasts. 


A graph  of  gain  versus  it's  duration  has  been  presented  in  Fig.  4.6. 
This  phenomenon,  apart  from  drop  in  value  may  be  due  to  another 

reason:  severe  reduction  of  ground  state  CO2  molecules.  In  fact, 
a simple  calculation  based  on  rate  equations  has  shown  that  at  low 
CO2  concentration  (^0.9%  at  p = 50.0  torr)  more  than  50%  of  the  total 
molecular  population  participates  in  creation  of  a gain  value  of, 

say,  0.3%  cm  \ requiring  a population  inversion  of  [Nco  (oo°l)~ 

15  3 ^ 

Kc0  (io°0)^=^‘^  x molecules/cm  . In  experiment  4120,  at  0.94% 

of  CO2  mole  fraction,  the  measured  gain  reached  a value  of  0.32%  cm  , 

but  lasted  only  a few  ysec,  and  then  very  rapidly  dropped,  turning 


into  absorption.  It  is  concluded  that  the  pumping  power  of  the 


It  is  assumed  that  sufficient  number  of  CO2  molecules  are  available 
in  the  ground  state. 
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plasma,  representing  the  number  density  and  the  temperature  of  elec- 
trons, was  high  enough  to  excite  the  required  number  of  CC>2  molecules, 
but  after  a few  micro-seconds  the  supply  of  ground  level  molecules 
had  been  depleted,  and  the  inversion  could  not  be  maintained  further. 
Thus,  if  the  mixture  static  pressure  is  increased  and  the  mole 
fraction  of  CC>2  is  kept  at  %0.9%,  both,  high  pumping  power  and  ade- 
quate supply  of  CO2  molecules  may  be  maintained  and  the  small  signal 
gain  on  the  order  of  0.3%  cm  ^ may  be  achieved.  At  this  point  it  is 
important  to  note  that  CO2  mole  fraction  is  not  the  only  nondimen- 

sional  parameter  which  should  be  kept  constant  in  order  to  duplicate 

* 

the  plasma  conditions  at  any  particular  pressure,  the  others  will 
be  discussed  later  in  this  section. 

As  the  CO2  mole  fraction  is  increased,  beyond  0.9%,  gain  drops, 
at  3%  CO2  the  value  is  0.1%  cm  \ and  lasts  for  the  entire  duration 
of  the  discharge  (^300  Msec) . Three  different  phenomena  affect  the 
inversion  kinetics  as  the  CO ^ mole  fraction  is  increased  in  the 
plasma:  (1)  more  molecules  become  available  in  the  ground  state 

(for  excitation);  (2)  the  inelastic  "load"  on  the  non-equilibrium 
regime  increases;  (3)  relaxation  of  the  lower  laser  level  by  CO^ 
molecules  (to  the  Ol'O  level)  intensifies  and  finally  reaches  the 
"bottleneck",  a saturation  point. 

In  a flowing  system  (Mach  number  of  4)  the  plasma  would  move 

with  a velocity  of  0.4  cm/ysec  and  travel  a distance  of,  say,  half  a 
* ^ef  f 

<3>,  M,  - 3 , to  name  a few. 

<CJ>  app 
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meter  in  n.125  ysec.  Thus  the  plasma  conditions  creating  an  inversion 
lasting  more  than  100  ysec  would  provide  enough  active  volume  for 
power  extraction. 


The  optimum  Cs  mole  fraction  has  been  found  to  be  1.4  x 10 
At  lower  values  of  £ gain  very  sensitive  to  former's  value,  a 10% 
reduction  in  f causes  a 30%  drop  in  gain,  whereas  a similar  in- 
crease (f  + 10%)  does  not  make  any  significant  drop  in  the  gain 

VsS  | Op  L • 

value  (-5%).  It  is  common  knowledge  that,  in  practice,  even  a 

moderate  accuracy  (<u+50%)  in  s eding  is  hard  to  achieve,  the  error 

margin  should  be  set  only  in  che  positive  direction  (i.e.  f + 50%, 

\j  s 

for  example),  for  reasons  said  before. 

Although,  it  is  known  that  Cs  and  CO2  interact  chemically,  no 
concrete  information  about  the  nature  of  the  resultant  products  or 
the  rate  of  interaction  is  available,  todate.  During  this  investi- 
gation the  cross-section  for  this  interaction  has  been  experimentally 

0 / 0/0 

determined  to  be  1.3  x 10  - 4.6  x 10  m at  400°K.  Based  on 

these  data,  at  a pressure  of  0.1  atm  the  characteristic  time  for  the 
chemical  reaction  with  3%  of  CO2  would  be  about  30  msec  against  the 
residence  time  of  0.17  msec  of  a 0.5  m cavity: 

t = — = *LlJLJ5 — - = 0.17  milli  sec 

reS  U ____  -1 

. 3000m  sec 

„ -3 

which  means  that  only  0.17/30  = 5.6  x 10  fraction  of  the  Cs  number 
density  would  be  lost  and  even  with  an  accuracy  of  f + 10%  seeding, 
no  noticable  change  in  n^g  will  occur. 
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The  apparent  Hall  parameter  has  been  found  to  be  in  the  range 
of  0.45  to  0.67.  The  average  Hall  parameter  is  computed  as  ranging 
between  1.80  and  2.60  and  definitely  indicates  signs  of  turbulence. 
With  increasing  <B>,  the  gain  rises  and  achieved  the  recorded  high- 
est limit  of  0.3%  cm  1 even  at  a low  C02  concentration  of  0.74%, 
though,  for  the  reasons  explained  above,  gain  does  last  only  for 
10  nsec.  This  suggests  that  the  pumping  power  is  enhanced  in  a 

turbulent  MHD  plasma.  At  low  values  of  <8>,  the  gain  is  close  to 

-1  12 
0.08%  cm  , a value  predicted  ' y Walter.  These  results  may  tempt 

one  to  design  a MHD  laser  to  operate  in  the  turbulent  mode,  however 

caution  is  warranted  here,  since  a turbulent  gain  medium  is  likely 

to  deteriorate  the  beam  quality. 

In  order  to  duplicate  the  electrical  conditions  of  this  experi- 
mental study  in  real  practice,  an  MHD  laser  should  be  designed  to 
produce  an  induced  field  u x B,  at  least,  equal  to  the  field  E 
externally  applied  in  this  study.  An  electric  field  of  20v/cm  has 
been  typical.  Thus  for  a flow  velocity  of  3000  m/sec  (Mach  number  3) 
we  estimate  the  required  magnetic  field  B to  be  0.67  tesla,  which  is 
slightly  higher  than  used  in  the  experiments.  At  state-of-the-art 
fields  of  4-5  tesla  the  induced  field  would  be  more  than  adequate. 

Sometimes,  the  discharge  character  of  a plasma  is  defined  by 
the  E/p  value. ^ In  the  present  work,  on  average,  it  is  on  the  order 
of  0.5vcm  ^ torr  ^ (Table  4),  which  would  be  high  enough  to  create  a 


317 


r 

I 


1 


self-sustained  discharge^  (Mj.O  volts  cm  ^torr  3)  at  higher  magnetic 
fields,  say,  4-5  tesla. 

Joule  dissipation  is  another  important  parameter.  When  written 
in  non-dimensional  form,  it's  analytical  expression  is  very  useful 
in  design  considerations: 


eff 

<0> 


1 + 3 
1 + 3 


2 

app 

2 

eff 


(6.1) 


It  should  be  noted  that  n does  not  directly  affect  the  expression 

6 T - T 

and  Joule  dissipation  can  be  measured  in  terms  of  * , which 

8 

in  our  experiments  has  reached  values  up  to  9.0.  For  this  value, 
substitution  of  other  numbers,  results  in  Mach  number  of  4.4,  which 
might  be  a value  higher  than  easily  achievable  in  practice.  However, 
as  it  was  said  before  by  raising  <3>  , the  desired  dissipation  can 
be  achieved.  It  is  interesting  to  note  that,  according  to  the  data, 
the  effective  Joule  dissipation  can  be  achieved  even  at  0.5  tesla 
magnetic  field  in  a 4.4  Mach  number  flow  system,  and  the  induced 
field  will  be  on  the  order  of  the  required  value.  In  order  to 
"ignite"  the  discharge  a preionizer  might  be  needed,  however. 

From  the  gain  data,  recorded  in  the  after-glow  of  the  discharge, 
the  relaxation  rate  constant  for  the  lower  level  by  CO2  molecules 
has  been  computed: 

KC02(10°0)-C02(01’0)  = (3-3  1 °-3>*107  atm^sec-1 
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This  rate  is  equal  to  the  value  reported  by  Seeber,  who,  in 

his  modified  SSM  theory  model,  assumes  that  02°0  and  Ol'O  levels  of 

the  bending  mode  are  not  in  thermal  equilibrium.  Bulthius,^  based 

on  his  power  decay  measurements,  reports  a value  very  close  to  it 

0-10  2 atm  ^ sec  ^).  Since  this  measurement  did  not  identify  any 

particular  pathway  for  the  10°0  01' 1 relaxation  process,  and  the 

published  rate  constants  for,  even,  the  10°0  t 02°0  terms 
61  “63 

resonance  are  not  in  agreement,  no  speculation  about  the 

mechanism  will  be  made.  It  will  be  sufficient  to  state  this  rate  is 
the  sum  of  the  rates  for  all  possible  pathways: 

(1)  C02(10°0)  t C02(02°0)  t C02(01'0) 

(2)  C02(10°0)  + C02(01'0) 

(3)  C02(10°0)  t C02(0220)  t C02(01'0) 


The  time  constant  for  this  process,  if  computed  for  p = 40  torr 

and  fCQ  = 0.03,  comes  to  be  20,0 p sec,  which  is  much  larger  than  the 
2 51 

time  constant*  for  C02(01'0)  - He  A psec) , suggesting  that  the 
former  process  establishes  the  "bottleneck  rate". 


The  value  for  /inoA.  „ relaxation  process,  found  by  extra- 
CO2(10  0)  - He 

polation  to  f _ = 0,  is  very  low  and  falls  within  the  error  limit. 

ou2 


*The  rate  constant  for  this  process  is  well  researched  and  studied, 
and  known  with  reasonable  (±  10%)  accuracy) . 
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6 . 1 Power  Extraction 


h 


r 


The  measured  gains  are  quite  large  (by  MHD  laser  standards)  and 
in  view  of  the  other  information  made  available  by  this  investigation 
(the  rate  of  relaxation  of  the  lower  laser  level  and  the  rate  of 
chemical  interaction  between  CO^  and  Cs) , we  will  take  a fresh  look 
at  the  power  delivering  capabilities  of  MHD  lasers.  In  its  simplest 
form,  the  expression  for  the  intensity  extractable  from  a lser  cavity 
may  be  written  as: 

*0  * V'  " 2IS  <IIPr  - 1,1  (6-2) 


The  magnitude  of  Ig,  the  saluration  intensity,  depends,  exclu- 
sively, on  the  physical  properties  of  the  laser  mixture,  and  on  its 

composition  and  static  pressure.  I lets  us  estimate  the  magnitude 

s 

of  the  maximum  laser  power  which  may  be  extracted  from  a particular 
laser  medium.  From  the  expression  for 

•y 


1 = 
s 


Air  n Av  hv 
^t2^tspont^ 


(6.3) 


it  can  be  seen  that  its  value  increases  directly  proportional  to  p , 

since  Av  a P and  t^  ct  Thus  the  output  power  from  a low  internal 

2 

loss  (Li)  laser  cavity  goes  up  as  p . 

The  relaxation  time  t^,  in  CC^  lasers,  is  basically  the  relaxa- 
tion time  of  the  upper  laser  level,  however,  since  a large  number  of 

42 

energy  levels  are  closely  coupled  with  it,  Christensen  et  al.  suggest 

that  in  order  to  get  any  realistic  value  of  the  saturation  intensity 

one  should  use  a t'  . , instead  of  t':  the  discrepancy  may  be 

2 effective  2 J 
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as  large  as  2-3  orders  of  magnitude,  since  as  many  as  50  levels  may  be 

actively  involved  in  competing  for  the  inversion  in  the  laser  plasma. 
23 

Anderson  suggests  another  method  for  calculating  the  power 

output  from  a gas  laser,  which  calls  for  numerical  solution  of  the 

energy  equations  written  for  each  vibration  mode  of  the  molecule. 

Such  an  analysis  for  a MHD  laser  cavity  has  been  performed  by 
12 

Walter.  Walter’s  numberical  model  treats  each  mode  individually 
(assuming  a vibrational  temperature  associated  with  each  mode)  and 
uses  the  relaxation  rate  constants  which  are  very  close  to  the  values 
measured  during  this  investigation.  For  rough  estimates  of  the 
laser  power  extractable  from  a MUD  laser  cavity,  saturation  intensi- 
ties for  various  CC^  mole  fraction  at  a static  pressure  of  0.25  atm 
have  been  evaluated  by  extrapolating  the  figures  made  available  by 
Walter's  analysis.  The  results  have  been  presented  in  Fig.  6.1. 

For  a given  internal  loss  of  the  laser  cavity  (like  absorption 
of  power  in  the  mirrors),  there  exists  ar.  optimum  coupling 


parameter  T. 


(T)  = - Li  + /ot„L  Li 

opt  0 


(6.4) 


Using  the  measured  small  signal  gain  data  and  the  computed 


saturation  intensities,  estimates  of  output  laser  intensities  have 

been  made  (Fig.  6.1).  It;  can  be  seen  laser  intensities  as  large  as 
2* 

1 KW/cm  can  be  coupled-out  from  a MHD  laser  cavity,  however  it 
would  be  erroneous  to  draw  any  conclusions  about  the  total  power 


* 

Cavity  width  L = 0.54m 


output,  which  depends  upon  the  length  along  the  nozzle  within  which 

12 

the  inversion  can  be  maintained.  Walter  based  on  his  numberical 
simulation  of  a MHD  laser  flow  system  points  out  that,  although  a 
high  level  of  laser  flux  may  be  achieved  at  lower  CC^  mole  fractions 
(say  ~1%  CC^),  after  5-10  cm  of  lasing  length,  the  inversion  is 
destroyed.  Using  these  dimensions  (height  2.3  cm)  one  gets  a maxi- 
mum laser  output  of  23.0  KW,  and  a power  density  of  -15.0  KJ/Kg. 

It  should  be  noted  that  the  actual  power  would  be  less  than  this 
value  as  it  assumes  that  the  er.tire  wall  acts  as  a coupling  mirror. 

Walter,  further,  mentions  chat  at  f « 3Z  this  "usable  length" 
extends  to  the  entire  length  of  the  cavity  (-45  cm)  and  computes  a 
power  density  of  60  KJ/Kg,  against  30.0  KJ/Kg  estimated  in  this  study. 

In  Pig.  6.2  specific  power  of  various  laser  systems  has  been 
compared.  It  can  be  seen  that  the  MHD  laser  may  have  a promising 
future  as  a high  power  laser. 

6.2  Suggestions  for  Future  Work 

The  investigation  has  established  that  small  signal  gains  of  up  to 

0.3%  cm  1 may  be  achieved  in  a MHD  laser  plasma.  The  measured  relaxation 

rate  of  the  laser  lower  level  suggests  that  the  capabilities  of  MHD 

6—8 

lasers  might  have  been  overestimated  by  other  investigators  , the 


Walter  used  the  dimensions  of  the  MIT  experimental  nonequilibrium 
generator  to  calculate  the  gasdynamical  parameters.  In  order  to 
achieve  a Mach  number  of  4 (PQ  *>  20  atm;  Tg  = 2090°K)  the  mass  flow 
required  was  ft  = 1.56  Kg  / sec. 


r 

bottom  line  predicted  by  this  investigation  is  about  3-10  times  less  than 

previously  computed.  However,  a close  look  at  Fig.  6.1  would  recommend 

the  device  as  one  of  the  promising  competitors  in  the  field  of  high  power 

laser  technology.  In  fact  Biberman  et  al.  measured  lOKJ/Kg  of  specific 

12 

power,  which  is  very  close  to  the  bottom  line  predicted  by  Walter. 

With  the  new  understanding  of  non-equilibrium  plasmas  and  their  better 
numerical  models  ^ and  the  knowledge  acquired  by  the  numerical 

study  of  Walter  and  by  this  experimental  investigation,  a working  model 
of  the  laser  should  be  designed.  On  the  design  side,  a better  system  for 
seeding  of  Cs  and  an  appropriate  location  for  CO^  injection  should  be 
researched. 

Further  in  the  area  of  basic  research  the  mechanism  of  lower  laser 
level  relation  should  be  studied  in  more  detail,  the  "bottleneck  effect" 
which  limits  the  magnitude  of  the  laser  power  at  10. 6y,  may  not  affect 
the  emission  at  9.6y  providing  a possibility  of  high  power  laser  opera- 

: 

tion  at  9.6y. 

The  measured  relaxation  rate  for  10°Q-*  Ol'O  process  is  very  close 
to  the  values  reported  Bulthin's  ^ and  Seeber^®  which  suggests  that 
the  levels  01^0,  02°Q  02^1}  03°0  may  not  be  in  thermal  equilibrium  and  in 
order  to  calculate  the  power  output  more  accurately,  an  analytical  model 
more  vigorous  than  the  three  temperature  model  is  warranted. 
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APPENDIX  A 


MEASUREMENT  OF  Cs  BOUND-FREE  CONTINUUM 

There  are  three  possible  mechanisms  for  emission  of  continuum  radia- 
tion from  a Cs  seeded  plasma:  2)  Bremsstrahlung,  2)  free-bound  emission, 

3)  electron  scattering  by  neutrals. 

Free-free  emission  is  due  to  an  electron  passing  near  a positive  ion 
and  being  accelerated  in  the  Coulomb  field,  known  as  Bremsstrahlung.  The 
intensity  of  this  type  of  radiation  clearly  depends  on  the  product  of 
electron  and  ion  densities.  For  conditions  typical  of  an  MHD  generator, 
Bremsstrahlung  is  at  least  10  orders  of  magnitude  below  the  free-bound 
emission. 

Electron  scattering  by  neutrals  is  a mechanism  akin  to  Bremsstrahlung, 
except  that  the  intensity  depends  on  the  product  of  electron  and  neutral 
densities.  For  a seed  mole  fraction  of  about  'v  10  the  electron 
scattering  by  neutrals  would  be  more  important  than  free-free  emission 
by  a factor  of  about  10^  - 10^  at  most.  Thus,  electron  scattering  emis- 
sion is  also  well  below  the  free-bound  emission. 

Free-bound  emission  is  due  to  the  capture  of  a free  electron  with  a 
velocity,  v,  into  a definite  quantum  level  of  the  alkali  metal,  Cs.  Any 
inert  gas,  He  in  this  case,  is  considered  as  a buffer  gas  only  and  does 
not  contribute  to  the  continuum  emission  process.  This  type  of  radiation 
has  been  successfully  used  to  measure  electron  temperature  and  number 
density.  We  will  review  the  basic  features  of  the  physics  involved  in 
this  process. 


A 
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As  a free  electron  of  energy  1/2  m v interacts  with  an  ion  to 

e 

occupy  a certain  quantum  state  ' j ' of  the  ion,  a photon  is  emitted, 
such  that 


hv  « 1/2  m v + hv, 
e J 


(A.  1) 


where  the  ion  kinetic  energy  has  been  neglected  and  v is  the  frequency 
of  the  photon  emitted. 

The  number  of  such  recombinations  is 


/ f (v)  nT  o.  v dv 
e I j 


(A. 2) 


where  o,  is  the  relevant  cross-section  and  f (v)  is  the  electron 
J e 

distribution  function.  Since  the  cross-section  is  expected  to  be 

* 

isotropic  and  assuming  that  the  free  electrons  have  a Maxwellian 
distribution  of  energy,  we  obtain: 


dn  m 19 

if  = 1 nenI  [2Fk r]  exp  (_  2 mev  /kTe)aj  v <A*  3) 


Using  the  Einstein's  coefficients  we  can  write  the  expression  for  a 
number  of  bound-free  transitions  at  a given  frequency  as  (neglecting 
the  induced  emissions) 

8nhv3  “hv/kTe  8ttv2  _hv/kTe 

Nj  —3-  e Bj  dv  - Nj  — T e “j^free  dV  (A‘4) 


here  aj^.£ree  is  the  cross-section  for  photon  emission  and  is  given  by 
Vfree  = hWc  B j * 


*For  a typical  MHD  laser  plasma  with  only  a few  percent  of  molecules, 
this  is  a good  assumption. 
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The  two  processes  described  by  (A. 4)  and  (A. 3)  should  balance  exactly: 


r 


m 3/2 


nI  [2Fkf~  1 exp  (_  I mev  o Air  dv 

6 J 


H.  8ttv  -hv/kT 

"V  • e -w* 


(A.  5) 


Using  the  Saha  equation  and  the  relation 


m v 


dv  e 
dv  “ ~h 


(A.G) 


derived  from  (A.l)  one  gets  the  following  relationship  between  a 


j 


and  Ojt 


.2  2 

h V 


— L a. 


j 2 2 2 gT  "j 

J m c v ®I  J 


(A.  7) 


gj  and  gj  are  the  degeneracies  of  the  state  in  question  and  the  ion. 
Thus  the  radiation  energy  per  unit  volume  per  unit  frequency  into  a unit 

(A.  9) 


dn 


solid  angle  J = chv  e 
Vj  Att  3t 


The  equation  (A. 8)  is  simplified  by  substitution  of  (A. 7)  and  (A. 3) 
and  written  in  a convenient  form: 


-33  2 
1.5  x 10  ne 


X T 


3/2 


exp  (X”1  - X’1)] 


(A.  9) 


326 


J 


Here  the  coefficient  is  a quantum-mechanical  property  of  the 
transition  state  in  question.  In  Cs  two  prominent  transitions,  namely, 
from  continuum  to  6P  and  5D  lower  levels  of  the  electronic  transitions. 
Various  value  for  these  transitions  are: 


Aj  ■ 3.74  x 10  for  the  6P  continuum 


■ 8.30  x 10  for  the  5D  continuum 


- 19,700  cm  ^ for  the  6P  continuum 
■ 16,900  cm  ^ for  the  5D  continuum 

2 

The  radiation  intensity  is,  then,  proportional  to  n^  at  each  transition. 
In  order  to  determine  the  electron  temperature  one  would  be  required  to 
monitor  the  light  output  at  two  different  wavelengths,  and  plot  Ln  (J^A) 
against  the  wavelengths,  the  slope  of  the  straight  line  would  give  the 
magnitude  of  Te> 

In  the  present  study,  the  continuum  radiation  is  monitored  at 

O O 

4904  A and  4285  A. 


it 
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APPENDIX  B 

. CALIBRATION  OF  Cs  ABSORPTION  DIAGNOSTICS 


The  method  of  obsorption  of  resonant  radiation  is  used  to  determine 
the  Cs  number  density  in  the  plasma.  The  light  used  for  this  purpose 
is  generated  by  a low  pressure  Cesium  spectral  lamp.  The  image  of  a 
pinhole  in  the  lamp  housing  is  projected  by  two  pyrex  lenses  through 
the  test  chamber,  and  the  radiation  that  is  transmitted  falls  on  a photo- 
multiplier tube  provided  by  a filter  to  isolate  the  desired  resonant  line. 
The  line  selected  is  a doublehead  in  the  blue  region  of  visible  light  at 

O O 

wavelengths  4550  A and  4555  A.  The  output  current  of  the  P.M.  tube  is 
then  proportional  to  the  total  incident  energy,  which  can  be  expressed 
as 


T — 

* 

L n 

* 

I - 

4 

\ (v"Vexp 

Lamp 

L ( 

kv(v-v0)dx 

) 

d (v  - vQ) 


(B.l) 


where  I is  the  spectral  intensity  of  the  lamp,  distributed  about 

vLamp 

the  central  frequency  v^,  is  the  absorption  coefficient  of  the  plasma 
at  frequency  V and  at  station  x along  the  beam  and  L is  the  total  optical 
length  inside  the  discharge  tube  1.0").  The  total  absorption  co- 
efficient Jk^(v)  dv  is,  for  a given  line,  is  proportional  to  the  Cesium 
number  density,  the  shape  of  the  distribution  k^(v)  depends  on  the 
broadening  mechanisms  that  are  present.  Some  of  the  important  mechanism 
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will  be  discussed  below: 


1)  Natural  Broadening 

The  half  width  for  natural  broadening,  Avq  Is  given  by 


2 2 

e vo 

Av  - £ f 

n 


me 


3 9.4  x 10  vQ  fJt 


(B.2) 


For  the  line  at  4550  A we  have  f = oscillator  strength  * 0.0174  and 
14  -1 

VQ  * 6.59  x 10  sec  , thus  the  natural  bandwidth  comes  to  be 
Avn  - 7.10  x 104  Hz 

The  normalized  shape  of  a naturally  broadened  line  is 


g(v) 

n 


r 2<v-v)-,2 

’n-ST-2-] 


(B.3) 


2)  Collissional  Broadening 

The  half-width  for  collisional  broadening  is  given  by 


Av 


2 

a n 

i 

00 

7? 

H 

OO 

c g 

•= 

J 

Mr  Me  ij 

ll/2 


(B.4) 


where  0^  is  the  cross  section  for  collisional  broadening  between 
radiating  and  neutral  atoms.  The  line  shape  is  similar  to  that  of 
natural  broadening. 

♦Otherwise  known  as  Lorentzian  line  shape. 
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3)  Inter -Atomic  Stark  Broadening 
The  inter-atomic  stark  broadening  occurs  as  the  charged 

particles  influence  the  radiating  atoms.  This  type  of  broadening  is 
as  straightforward  as  it  is  for  collisional  or  natural  broadening. 

There  are  some  numerical  results  for  half-widths  are  available  for  some 
Cs  lines. 

4)  Due  to  the  similarity  in  the  nature  of  broadening 
mechanism*  of  the  three  above,  broadening  can  be  combined  as: 


Av  = Av  + Av  + Av 
n c s 


5)  The  half-width  for  Doppler  broadening,  Av,, 

a 


(B.5) 


is  given  by 


Av. 


2v, 


■^^Log  2 

M c 


(B.6) 


where  is  the  mass  of  the  radiating  atoms. 

The  line  shape  of  a doppler  broadened  medium,  in  normalized 
form  is  described  as 


*D(V) 


2 (Log  2) 

/n~  Av„ 


exp 


-4 (Log2) (v  - vQ) 

Av? 


2 i 


(B.7) 


*The  stark  broadening  is  much  more  complex  than  the  other  two,  the 

5/2 

overall  shape  is  inversely  proportional  to  (v-vo)  , however  the  error 

_2 

in  assuming  a (v-vo)  dependence  is  very  small. 
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Due  to  the  exponential  nature  of  the  line  shape,  the  Doppler 
influence  on  the  other  broadening  mechanisms  [Eq.  (B— 5 ) ] is  dominant 
at  the  line  center,  and  in  the  wings  of  the  line  shape  the  Lorentzian 
shape  dominates.  For  the  present  problems  of  determining  the  Cs  number 
density  (f^g  > 10  **  at  p = 50  torr)  a knowledge  of  the  wing  profile  is 
sufficient. 

When  the  term  KvL,  the  optical  depth,  is  greater  than  3,  the  line 
center  is  completely  absorbed  and  the  ratio  of  incident  and  output 
intensities  of  the  resonant  radiation  is  proportionally  to  the  number 
of  radiating  atoms  and  the  number  of  the  broadener  gas  atoms  [see 
Eq.  (B.4)],  provided  the  same  emitter  (Lamp)  is  used.  The  line  shape 
of  lamp  is  again  governed  by  the  broadening  mechanisms  discussed  before. 

A precise  determination  of  the  spectral  distribution  of  such  a light 
source  requires  spectroscopic  equipment  with  high  resolving  power 


('v  0.01  A),  and  a calculation  of  I , without  the  knowledge  of  the 

Lamp 

relevant  parameters  (of  the  lamp  plasma)  might  lead  to  erroneous  results. 

Therefore,  instead  of  relying  on  an  assumption  as  to  the  form  of  the 

function  I [Eq.  (B.l)],  a calibration  experiment  was  devised.  A 

vLamp 

schematic  of  the  apparatus  is  shown  in  Fig.  3.9.  The  light  of  the  Cs 
lamp  is  collimated  by  means  of  glass  lenses  and  is  allowed  to  pass 
through  the  absorption  cell.  The  beam  is  then  focused  on  a photomulti- 
plier tube. 

The  temperature  of  the  lamp  gradually  increased,  if  only  air  con- 
vection as  a cooling  process  is  allowed.  As  the  variation  in  temperature 
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might  change  the  lamp  line  profile,  it  was  decided  to  insulate  the 
lamp  housing,  and  to  heat  it  to  keep  the  temperature  constant  at  a 
desired  level.  The  absorption  cell  was  kept  in  an  oven  and  the  Cs 
pool  stem  in  an  oil  bath  to  promote  even  heating.  Several  thermo- 
couples, placed  at  different  spots  in  the  oven,  monitored  the  tempera- 
tures (not  shown  in  Fig.  3.9).  To  avoid  condensations  on  the  walls  of 
the  absorption  cell,  it  was  heated  (in  addition  to  the  oven  heating) 
by  means  of  electrical  tapes,  and  maintained  the  Cs  pool  as  the  coolest 
spot  in  the  cell.  By  varying  the  oven  temperature  absorption  of  the  Cs 
lamp  light  at  various  Cs  mole  fraction  were  made.  The  reading  was 
corrected  for  the  increase  in  He  temperature  by  assuming  a 1//t"  dependence. 
The  experiment  was  conducted  with  two  absorption  cells,  one  filled  with 
60.0  torr  of  He,  the  other  with  120  torr. 

The  results  were  reduced  in  form  of  a master  calibration  curve, 
showing  the  dependence  of  Cs  mole  fraction  on  the  fraction  of  light 
transmitted  through  a 60  torr  He  cell. 

The  expression  used  to  calculate  the  optical  depth  of  the  absorp- 
tion cell  was  taken  from  Ref.  75  which  reads: 

-1 


(B.8) 
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where  g^,  f , are  the  degeneracy,  the  oscillator  strength,  and  the 
frequency  of  * j * level  in  Cs  (i  is  the  ground  state). 

For  4550  Cs  line  the  values  are: 


4 

2 

0.0174 


Av  = 3 x 10  Hz 
Vj  * 6.6  x 10^  Hz 
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APPENDIX  C 
PLASMA  EQUATIONS 

In  MHD  laser  regime  the  electrical  behavior  of  the  plasma  is 
overned  primarily  by  the  electron  kinetics.  The  three  equations  des- 
cribing the  electrons  in  the  plasma  are  the  electron  continuity  equation, 
the  electron  momentum  equation  (Ohm's  law),  and  the  electron  energy 
equation.  In  the  Hall  parameter  range  (typically  larger  than  3)  charact- 
eristic of  nonequilibrium  MHD  generators,  the  plasma  is  subject  to 

32  33 

ionization  instabilities.  ’ These  result  in  spatial  and  temporal 

nonuniformities  in  n and  T which  reduce  the  values  of  8,  the  Hall 

e e 

parameter  and  a,  the  electrical  conductivity.  Solbes  developed  a quasi- 

linear  averaging  technique  to  describe  the  bulk  plasma  by  calculating 

the  effective  values  of  a ,,  and  8 

eff  eff 

Neglecting  the  ion  slip  and  electron  pressure  gradient,  the  local 
Ohm's  law  can  be  written  as: 

J+Jxg=  [E  + u * B]  (C.l) 

The  Hall  parameter  and  conductivity  a are  given  by 

6 - <c-2> 

m v 
e e 

« - <c-3> 

e e 

The  electron  collision  frequency  v is  computed  as: 
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ve  ' 1 vf 


(C.4) 


where 


Cll~^r  ni  VV 

e 


(C.5) 


The  summation  is  taken  over  gas  atoms,  seen  atoms,  and  ions.  Q^(Tg) 

is  the  Maxwell  averaged  momentum  transfer  cross  section,  while  c^  depends 

on  the  force  law  and  energy  for  the  encounter.  The  appropriate  values 

13 

for  the  factors  are  available  in  plasma  literature. 

For  condition  typical  of  plasmas  under  consideration  the  electron 
energy  equation  can  be  simplified  to  the  form^"* 


3 Pne  - 1 J2 

(eV,  + 4 kT  ) -rp  + V • (n  u)  * — - Z Ae 
i 2 e 3t  e o £ 

L.  -Jo 


(C.6) 


where  u is  the  flow  velocity  of  the  plasma,  which  in  the  present  simula- 
tion experiment  is  zero.  The  loss  term  Aeg  is 


Ae  =6  — 4 k(T  -T)  n v 
s s m 2 e e e 


(C.  7) 


<5  for  CO-  in  the  range  of  electron  temperatures  of  interest  is 
s / 

approximately  5000.  However  as  has  been  discussed  in  previous  chapters 
its  value  is  not  constant,  as  the  molecular  gas  undergoes  significant 
vibrational  excitation  in  the  process  of  creating  an  inversion  and 
redistributes  its  population  amongst  its  various  vibrational  levels.  As 
the  electron  number  density  and  electron  temperature  are  measured  in  the 
experiment  separately,  in  the  calculations,  value  of  6 is  assumed 
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constant,  for  simplicity. 

13 

Contribution  of  the  first  term  is  at  a very  small  time  scale 
('V'  0.1  ysec),  the  energy  equation  is  simplified  to  a steady  state 
solution: 

T ‘ 1 4Es  <c-8> 

S 

In  the  presence  of  ionization  instabilities  the  equations  are 
written  in  an  averaged  form 


<J>  + <J  x g>  = <(e  + Z x B)> 


(C.9) 


< 


o 


> 


< I Ae  > 

8 S 


(C.10) 


or  in  terms  of  effective  values  of  o and  B as: 

eff  eff 


<J>  + j x 0eff  «=  a ff  [<E>  + u x b] 


(C.ll) 


assuming  u and  B are  constant. 

For  the  configuration  of  the  experimental  facility  (E  - induced 
field,  Ey  - Hall  field)  we  have. 


<J  > 
x 


eff 


1 + 6 -,B 

<E  > 


1 + B 


(C.12) 


eff 


<E  > 


where  0 = > and  is  measured  by  two  probes  in  contact  with  the 


plasma. 

The  energy  equation  is  simplified  to 
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< .2  2 1 + 6 

Hi-  , 0 <E  > 2E£ 

o , eff  x , . 02 
*"  1 + 8eff 


For  a plane  wave  structure  of  the  nonuniformltles  Solbes' 


(C.13) 


gives  the  following  relationship 


Beff  - <6>S  + t(S-l) 


(C. 14) 


(C.15) 


where 


(1~r)  + Bcri 

(l~r) 2 + <e>5 


lzl+  0 

<6> 


d Log  Vg 
d Log  n 


(C.16) 


(C.17) 


(C.18) 


6 . is  calculated  by  either  of  the  two  following  relationships: 


(A)  Collision  with  Neutrals  are  Predominant 


T ' T 1 /2 

fi  e 2(l-a)  ( , e 

6crit  1-a  Xi  T -T  1-a  Xi  (2  + T -T  (C.19) 

eg  I eg 


where 


3 evi 

Xi  * 1 + kl" 
e 
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a - degree  of  ionization 


3 Log  v 

e-N 

“ 3 Log  Te 


(B)  Coulomb  Collisions  Dominate  the  Momentum  But  Not  the 


r 1/ 2 

/ (2-a) (3T  -T  ) w (2-a) (ST  -T  ) 

crit  2 (l-a)(Te-Tg)  Xi  / ( 1 2 (1-a)  (Te~Tg)Xi/ 


The  measured  values  of  and  ng  are  used  to  compute  the  appropriate 
quantities . 
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Important  Features  of  Other  Investigations 


Lowenstein,  A.,  et  al  , Massachusetts  Institute  of  Technology  (Analytical  Study) 


COp(vi)  COp(up)  COp(u-a) 


Electron  Energy,  eV 


Fig.  2.2:  Electron  Cross  Section  for  Vibrational 
Excitation  of  COo  Molecules  from  Ref. 7 
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Fig.  3.2:  Quartz  Discharge  Tube 


End  Flange 
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Fig.  3.7:  Magnet  Current  Pulse 


12.  Oil  Bath 

13.  Quartz  Window 


1 


Fig,  3.11:  Typical  Scope  Trace  of  Pressure  Pulse 
(top  solid  curve)  and  Cs  Absorption 
Diagnostics  (chopped  curve) 
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Gain  Measurement  Without  Magnetic  Field 


From  Bottom: 


Gain  Measurement  With  Magnetic  Field 

I)  Magnet  Pulse,  2)  Laser  Pulse,  3)  Pressure  Pulse 
4)  Cs  Absorption  Diagnostics 

Fig.  3.13 


Preionizer  Pulse 

Fig.  3.14:  Sequence  of  Events  During  a Test 


Measurement  With  Magnetic  Field 
From  Bottom:  1)  Magnet  Pulse,  2)  Laser  Pulse 

Fig.  4.1 
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Fig.  A. 2:  Current  Probe  Calibration 


current 


L 


370 


/'em'  GAIN.o^cm-' 


373 


A/  cm2  6 S \ A/ C 


4 


4 

MICROCOPY  RESOLUTION  TEST  CHART 

NATIONAL  BURtAU  OF  STANDARDS- 1963-^ 

• : ' 'V-  • Vr  ^ “ A',- 


Fig.  4. 13:  Gain  vs  Average  Hall  Parameter 
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Fig.  6.2:  Specific  Power  of  Various  Laser  Systems 
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Fig.  6.3:  Schematic  of  MHD  Laser  Configuration. 


